



























































greenhouse! gas! (GHG)),! methods! of! eliminating! the! release! of! this! combustion! by"
product!on!the!large!scale!have!been!examined.!
! As!fossil!fuel!power!plants!are!one!of!the!largest!emitters!of!such!pollutants,!the!
analysis!of!different!methods! to! counteract! their! release!are!assessed.! !While!options!
for! separation! of! the! exhaust! gas,! also! known! as! flue! gas,! exist! (i.e.! amine"based!
scrubbers!from!sorption!based!methods,!cyrodistillation,!membranes!etc...),!perhaps!the!
least! energy! intensive! process! targetted! at! large! volumes! are! membranes.! ! With!
membranes,! there! are! a! plethora! of! different! designs! and! structures! that! can! be!
incorporated.! ! Ranging! from! polymeric! dense! membranes! (such! as! PEBAX®! or!
Matrimid®),! inorganic! porous!membranes! (i.e.!MCM"48)! to!mixed"matrix!membranes,!
they!provide!a!role!in!a!variety!of!different!applications.!!While!membranes!have!been!
extensively!used!in!liquid!purification!and!specialty!gas!applications!alongside!catalysis,!
their! adoption! towards! large! scale! gas! separation! in! power! plants! have! been! limited.!!
Due! to! the! severity!of! the! long"term!stability!of!polymeric!based!membranes!and! the!
lower!selectivity!from!inorganic!membranes,!their!role! in!separating!gases!such!as!CO2!
has!been!limited.!!While!research!and!patents!exist!on!the!formation!of!membranes!for!








this! thesis! is! to! explore! a! new! route! towards! synthesizing! a! method! of! hybrid!
membrane!coating!on!existing!inorganic!titania!supports.!
! In! order! to! accomplish! this! objective,! the! first! step! required! the! study! of!
different! surface! anchoring! groups! for! various! inorganic! titania! surfaces.! ! Many! such!
groups! exist,! including! (but! not! limited! to)! thiols,! catechols,! silanes! and!
phosphonates/phosphonic! acids.! ! While! each! method! has! their! merits,! silanes! and!
phosphonates! were! determined! to! be! the! best! solution! due! to! their! commercial!
availablity!and!ease!of!application.!!From!Specific!Polymers,!Propyl!phosphonic!acid!"2"
Bromo"2"methyl!propanoate!(or!C3"Initiator)!was!obtained!for!use!as!the!target!grafting!
molecule! studied! for! the! phosphonate! anchoring! group.! ! In! the! case! of! the! silane!
grafting! group,! (3"aminopropyl)triethoxysilane! (APTES)! was! used! as! the! study! case.!!
These!groups!were!then!explored!for!their!grafting!potential!onto!varying!shapes,!such!
as! curved! (particles),! flat! (substrates)! and! porous! (supports)! of! titania.! ! However,!
grafting! on! each! of! these! surfaces! illustrated! curved! particles! provided! the! highest!
grafting!yield.!!It!was!determined!(with!destructive!testing)!that!the!grafting!density!on!
spherical!particles!between!silanes!and!phosphonates!differed;!a!yield!of! roughly!8"16!
silane! groups/nm2! vs.! the! ~2.5! phosphonate! groups/nm2.! ! Thus,! phosphonates! and!
silanes!can!be!applied!to!form!hybrid!polymeric"titania!materials.!
! With! the!C3"Initiator! (or! TiO2"g"C3"Initiator),! the!bromine!group!behaves! as! an!
Atom"Transfer! Radical! Polymerization! (ATRP)! initiating! group.! ! This! allowed! the!






pre"synthesized! PEG!macromonomer!with! an! α"carboxylic! acid! and! an!ω"norbornenyl!
group! (NB"PEO"COOH)! allowed! the! previously! functionalized! titania"APTES! group! (or!





ROMP)! from! the! functionalized! surface! (si"ROMP).! ! The! particles! were! further!
characterized!to!find!a!total!grafting!density!of!norbornenyl!groups!at!2.5!groups/nm2.!!
These!particles!were! then! activated!with! the!Grubbs! 1st! generation! initiator! (Grubbs),!
and!allowed!for!norbornene!(NB)!to!be!polymerized!to!yield!a!DP!of!12,500.!
! Transfering!the!knowledge!from!studying!these!hybrid!particles!resulted! in!two!
methods! of! porous! tubular! ceramic!modification;! either! a! “Coating! Onto”!method! or!
“Grafting! From”!method.! ! The! “Coating!Onto”!method! involved!well"dispersed! hybrid!
particles!to!form!the!hybrid!membrane!direction!on!the!surface!of!the!porous!ceramic!
tube.! ! This!was! studied! and! achieved!with! the! phosphonate! based!C3"Initiator! hybrid!
particles.!!The!“Grafting!From”!method!involved!post"functionalized!titania!particles!(i.e.!
TiO2"g"C3"Initiator! or! TiO2"g"APTES"PEO"NB)! to! be! coated! on! the! porous! ceramic! tube!
prior! to! polymerization! via! si"ATRP! or! si"ROMP.! ! These! routes! that! were! deemed!
promising! were! scaled! up! to! longer! ceramic! tubes! and! were! sent! to! study! their! gas!
permeation.! ! It!was!discovered!that!the!first!set!of!scaled!membranes!were!difficult!to!
yield! gas! separation! properties,! but! hypothesized! to! be! due! to! sparsly! separated!










pollution1,! le!nombre!et! la! concentration!des!polluants!atmosphériques!ne!cessent!de!





cryodistillation,! les! membranes,! etc! ....! Le! procédé! le! moins! énergivore! est!
probablement!celui!des!procédés!membranaires.! Il!existe!une!pléthore!de!membranes!
modèles! de! compositions! et! de! structures! différentes! allant! des! membranes! denses!
polymères,!e.g.!PEBAX®,!Matrimid®,!aux!membranes!poreuses,!e.g.!MCM"48,!en!passant!
par! les! membranes! à! matrice! mixte,! e.g.! MMM.! Très! largement! employées! au!
laboratoire!dans! le!domaine!de! ! la!purification!en!phase! liquide!et!gazeuse!et!pour! la!
catalyse,!leurs!utilisations!!dans!les!centrales!électriques!restent!limitées.!En!particulier,!
le! manque! de! stabilité! à! long! terme! des! membranes! polymères! ou! la! plus! faible!








méthodologie! de! synthèse! de! ces! membranes! hybrides! en! utilisant! les! particules!








contrôle! et! une! plus! forte! interaction! entre! la! phase! inorganique! présente! sous!
différentes!formes!(nanoparticules,!surfaces!dense!ou!poreuse)!et!la!phase!organique.!
L’objectif! ultime! est! de! préparer! ces! structures! élaborées! à! partir! de! supports! de!





Ensuite,! nous! présentons! les! différentes! formes! de!matériaux!membranaires! et! leurs!
propriétés,!et!expliquons!pourquoi!la!croissance!du!polymère!directement!à!partir!de!la!





des! surfaces! de! TiO2.! Quatre! groupes! ont! été! identifiés,! les! thiols,! les! catéchols,! les!
silanes!et!les!phosphonates!ou!acides!phosphoniques.!Bien!que!chaque!méthode!ait!ses!
avantages,!les!silanes!et!les!phosphonates!apparaissent!comme!les!meilleures!solutions!
en! raison! de! leur! disponibilité! commerciale! et! la! facilité! de! leur! mise! en! œuvre.! La!
société! Specific! Polymers! (France)! a! conçu! et! commercialise! le! propyl! phosphonique!
acide!2"bromo"2"méthyl!propanoate!!(nommé!C3"initiator!dans!notre!document).!Cette!
molécule! a! été! étudiée! en! tant! que!molécule!modèle! pour! le! greffage! par! le! groupe!
d'ancrage!acide!phosphonique.!Dans! le!cas!du!greffage!par! le!silane,! le!3"aminopropyl!
triéthoxysilane! (APTES)! a! été! utilisé! pour! les! besoins! de! l'étude.! Les! substrats! utilisés!
dans! cette! étude! sont,! soit! des! particules! de! TiO2! (particules! Evonik™! et! particules!
Sigma™),!soit!des!surfaces!de!TiO2!planes!et!denses!ou!tubulaires!et!poreuses!(supports!




caractérisées! par! différentes! techniques! telles! que! les! spectroscopies! XPS! et! RMN! et!




rendement! d'environ! 8! à! 16! molécules! de! silane/nm2! contre! approximativement! 2,5!
molécules!de!phosphonate/nm2!est!observé.!Il!est!déduit!que!les!acides!phosphoniques!
et! les! silanes! peuvent! être! indifféremment! utilisés! pour! former! la! base! de!matériaux!
hybrides!polymère"oxyde!de!titane.!
! Le! chapitre! trois! décrit! la! synthèse! et! la! caractérisation! de! particules! hybrides!
cœur!/écorce! obtenues! par! polymérisation! radicalaire! par! transfert! d’atome! (si"ATRP)!
de!poly(éthylène!glycol)!méthyl!éther!méthacrylate.!La!polymérisation!est!amorcée!à!la!
surface! des! particules! de! TiO2! via! l’atome! de! brome! porté! par! C3"Initiator.! ! Des!
particules! de! TiO2! encapsulées! dans! une! enveloppe!de!poly(oxyde!d’éthylène)! ramifié!
ont!ainsi!pu!être!isolées.!!
! Dans! le! chapitre! quatre! c’est! cette! fois! la! polymérisation! par! métathèse! (si"
ROMP)!qui!est!utilisée!pour!greffer!sur!des!substrats!poreux!et!particulaires!de!TiO2!des!




précédents! pour! développer! une! membrane! polymère! sur! un! tube! céramique.! Deux!
stratégies! sont! explorées!:! le! «Grafting! From»,! et! le! ! «Coating! Onto».! La! méthode!!











! Le! dernier! chapitre,! le! chapitre! six,! présente! brièvement! les! résultats!
préliminaires! obtenus! en! séparation! membranaire! avec! les! deux! méthodes.! Les!
comparaisons! des! valeurs! de! perméance,! avec! ou! sans! film! polymère,! confirment! la!
présence!de!ce!film.!Cependant,!il!a!été!découvert!que!le!premier!(et!seul!dans!le!cadre!




Un!moyen! simple! de! remédier! à! ce! problème! serait! d’augmenter! l’épaisseur! du! film!
polymère!afin!d’améliorer!la!qualité!du!revêtement.!
!
Pour! conclure,! ce! travail! a! permis! de! vérifier! la! pertinence! de! notre! approche! et! la!
faisabilité! de! notre! projet.! Un! certain! nombre! de! questionnements! demeurent!
néanmoins!et!nécessitent!des!essais!complémentaires:!!
!
1)! Pour! le!procédé!«Coating!Onto»!:! Réalisation!d’essais! de!perméation! sur!des! tubes!
céramique!de!ZrO2!d’au!moins!15!cm!de!long!et!présentant!des!pores!de!10!à!15!nm.!!
2)! Pour! le! procédé! «Grafting! From»!:! Réalisation! de! nouvelles! membranes! par!




Il! n’est! même! pas! certain! que! la! correction! des! défauts! sera! observée! car! ceux"ci!
peuvent!se!«!perpétrer!».!C’est!pourquoi!d'autres!paramètres!comme!l'augmentation!de!





4)! Une! température! de! recuit! du! polymère! un! peu! plus! élevée! pourrait! permettre!
d’améliorer!l'uniformité!de!la!membrane.!






en! œuvre.! En! effet,! la! difficulté! de! la! tâche! a! été! plus! importante! que! prévue,! en!













around! the! world,! partaking! in! the! IDS"FunMat! PhD! program! (project! funded! by! the!
Conseil!de!region!d’Aquitaine).!!I!have!been!privileged!to!be!able!to!work!between!two!
different!institutions:!at!the!University!of!Waterloo!(in!Canada)!and!at!the!Université!de!
Bordeaux! (in! France).! !While! there! have! been!many! hardships! along! the! path,! there!
have! been! many! colleagues,! friends,! administrators! and! family! members! that! have!
helped!me!through!this!period.!
!
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grateful! for!this!wonderful!opportunity!to!be!able!to!hone!my!knowledge! in!polymers.!







While! we’ve! encountered! many! bumps! along! the! road,! you! have! been! encouraging!
whenever! we! discuss.! !While!my! time! in!Waterloo! was! shorter! than! expected,! I! will!
always!be!grateful! for! the! labs! I!have!been!able! to!work! in! (both! in!ESC!and!QNC),!all!
whilst! granting! me! time! to! be! sure! I! could! complete! all! parts! of! the! administrative!
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Table! 2"4:! Integration! values! for! C3"Initiator! taken! from! 1H! NMR! spectra! "!












































Table! 4"1:! Integration! values! found! for! the! synthesized! macromonomer.! ! Similar! to!
























vacuum! and! method! of! coating! for! TiO2"g"C3"Initiator! particles)! and! polymerization!





(i.e.! rotational! method! used! and! concentration! of! monomer,! Norbornene! (NB)!
with/without!Norbornene"PEG!(NB"PEO)).!....................................................................!184!
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Figure! 1"17:! Dry"Wet! Phase! Inversion! process! as! outlined! by! Niwa! et! al.56! Reprinted!
(adapted)! with! permission! from! reference! 56.! ! Copyright! 2001! American! Chemical!
Society.!.............................................................................................................................!28!
!
Figure! 1"18:! Left:! Hollow! fiber! formed! from! extruding! unit! (on! Right).! ! The! extruder!
found!at!the!top!can!push!out!the!polymer!mixture!and!subsequently!dry!during!droping!
to! quench! and! form! the! asymmetric! membrane! structure! found! with! the! phase"
inversion!membranes.37!...................................................................................................!29!
!
Figure! 1"19:! Three! synthesis! pathways! to! obtaining! inorganic! membranes:! using!
inorganic!powder,!use!of!metal!salts!or!hydroxides,!or!use!of!alkoxides.58!.....................!30!
!




Figure! 1"21:! Left:! Colloidal! particle! sizes! for! two! different! values! of! electrolyte!


























interact! and! grow!with! the! porous! support! while! the! regular! hydrothermal! synthesis!
enables!more!surface!deposition.!....................................................................................!42!
!
Figure! 1"29:!Different!MFI!membranes:! a)!Mono! layer! of! crystals! and!b)! Poly! layer! of!
crystals.64!..........................................................................................................................!43!
!
Figure! 1"30:!Water! concentration! in! permeate! vs.!water! in! feed! for! dehydration!with!
Mitsui!Membrane!(70˚C).97!..............................................................................................!47!
!






























Figure! 1"37:! comparison! of! Matrimid®! with! composite! mixtures! with! MgO! on! the!
permeability!of!different!gases.111!...................................................................................!55!
!
Figure! 1"38:! Left! "! permeabilities! of! 4! different! gases! (CO2,! H2,! CH4,! N2).! ! Right! "!
Selectivities! of! different! gas! combintions.! ! Note! that! the! increase! in! MgO! volume!












thread! formed!by! the!mussel! for!attachment,!C)!The! zoomed! in! structural! look!of! the!
binding! proteins! used! to! interact! with! almost! any! surface,! D)! the! simplified! protein!
structure! for! the! byssal! thread! and! E)! The! structure! of! dopamine! –! a! simple!
catecholamine!that!can!be!used!as!a!DOPA!substitute.157!...............................................!65!
!




silane!based! linkers!onto!different! curvature! inorganic!oxides.! ! The!plot! compares! the!
ability! for! different! alkyl! chain! lengths! to! bind! to! different! curvature! surfaces.! (green!
box:! Curved! nonporous! surface/particles,! Red! Triangles:! flat! gels,! Blue! Diamonds:!




acid! group! and! silane! group.! C3"Initiator! (purchased! from!Specific! Polymers)! is! Propyl!
phosphonic! acid! "2"Bromo"2"methyl! propanoate,! APTES! is! (3"
Aminopropyl)triethoxysilane,! and! NB"PEO"COOH! is! α"norbornenyl"ω"carboxylic! acid"
poly(ethylene!oxide).! ! *Note! that!while! the! image!depicts! particles,! the! system! is! not!
limited!to!just!particles,!but!also!includes!flat!surfaces!and!porous!surfaces.!.................!71!
!
Figure! 2"6:! Structures! of! C1"Initiator! (Methyl! phosphonic! acid! "2"Bromo"2"methyl!
propanoate)!and!C3"Initiator! (Propyl!phosphonic!acid! "2"Bromo"2"methyl!propanoate),!












Figure! 2"9:! UV"Visible! spectra! for! C1"Initiator! preheating! and! subsequent! spectra! for!
components!(as!noted!in!Figure!2"8).!...............................................................................!79!
!
Figure! 2"10:! ! UV"Vis! spectra! obtained! for! A)! C1"Initiator! and! B)! C3"Initiator! with!
preheating,!and!postheating!(after!2!hours!at!85˚C).!.......................................................!80!
!
Figure! 2"11:! Organophosphorous! initiator:! C1"Initiator,! degraded! C1"Initiator! and! C3"





CTI! porous! tube! (unwashed),! C)! the! C3"initiator! bound! to! the! CTI! porous! tube! (after!
washing),! D)! C3"initiator! bound! to! Evonik! particles! after! washing! and! E)! C3"initiator!
bound!to!Sigma!particles!after!washing.!Reproduced!from!Ref.!223!with!permission!from!
the! Centre! National! de! la! Recherche! Scientifique! (CNRS)! and! The! Royal! Society! of!
Chemistry.!.........................................................................................................................!83!
!































double!bond!represents! the!region!where! the!propagation!stage!of!ATRP! is! sustained.!!





Figure! 3"3:! Redox! equations! for! the! metal"ligand! complex! mixture.! ! In! this! case,! the!
metal! is! copper! and! the! overall! equation! is! noted! from! line! 1.184! Reprinted! with!
permission!from!Reference!184.!!Copyright!2004!American!Chemical!Society.!............!104!
!
Figure!3"4:! Schematic! of! the!propagation! and! termination! step! for!ATRP.185! Reprinted!
with!permission!from!Reference!185.!Copyright!2001!American!Chemical!Society.!.....!105!
!
Figure!3"5:!Molecular!weight!and!dispersity! (Đ)!as!a! function!of!conversion! in!ATRP.185!
Reprinted! with! permission! from! Reference! 185.! Copyright! 2001! American! Chemical!
Society.!...........................................................................................................................!105!
!
Figure! 3"6:! ATRP! rate! equations! for! propagation! with! Keq! (or! equilibirum! constant)!










the! overall! ATRP! rate,! or! what! is! known! as! KATRP).! Reprinted! with! permission! from!
Reference!208.!Copyright!1997!American!Chemical!Society.!.........................................!109!
!
Figure! 3"9:! Thickness! dependance! on! the! polymerization! time! (of! aqueous! ATRP! on!





was! in! reference! to! the! Cu+1! concentration)212! Reprinted! with! permission! from!
Reference!212.!Copyright!2002!American!Chemical!Society.!.........................................!110!
!
Figure! 3"10:! Thickness! correlation! to! time! for! si"ATRP! samples! made! on! silicon!
substrates!by!Matyjaszewski!and!coworkers.127!!Filled!triangles!represents!the!thickness!
for!Methyl! Acrylate! in! the! presence! of! both! Cu+1! and! Cu+2,! filled! squares! and! circles!




Figure! 3"11:! Plot! of! kact! with! respect! to! the! concentration! of! the! ligand! bpy/CuBr!
complex!with! ()! acetonitrile! (44%)!with!water,! ()! pure! acetonitrile,! and! ()! acetonitrile!
(41.5%)! with! chlorobenzene.213! ! In! this! case,! we! see! the! trend! that! with! increasing!
polarity! (water+acetonitrile! >! acetonitrile! >! acetonitrile+chlorobenzene)! come! higher!




Taft! relationship.! ! The! line! is! the! subsequent! expected! trend! from! the! plot! with!
predicted!values!and!subsequently!measured!values.!!Note!that!the!measured!values!fall!
fairly! well! into! the! general! trend! from! the! Kamlet"Taft! relationship,! enabling! one! to!









of! DEA! (2"(diethylamino)ethyl! methacrylate! in! varying! volume! ratios! of! methanol!
(MeOH)! and! Water! (H2O).! ! Film! thickness! maximum! ratio! appears! to! be! 4:1! v/v!
MeOH/H2O! is! hypothesized! due! to! the! termination! caused! by! higher! water!






Figure! 3"16:! Correlation! plot! between! the! ATRP! catalytic! activity! (log! βII/βI)! and! the!
disproportionation!(log!βII/(βI)2)!for!several!typical!Cu"Ligand!complexes.217!................!117!
!





the! first! free! radical! is! formed.! ! Subsequent! addition! of! monomers! (or! PEGMEMA,!






Figure! 3"18:! Dynamic! light! scattering! of! growing! core"shell! hybrid! particles! of! titania!
taken!at!different!reaction!times.! !The!samples!shown!are!a)! log"scale!graph!of!Evonik!




Figure! 3"19:! Resulting!particle! size! over! time! for! the! Evonik! particles! grafted!with!C3"




Figure! 3"20:! TGA! mass! loss! of! TiO2"g"p(PEGMEMA)! sample! (post! polymerization! of!
Evonik! particles! modified! with! C3"Initiator).! ! The! subsequent! mass! loss! was! used! to!
calculate!the!subsequent!degree!of!polymerization!of!the!particles.!............................!127!
!
Figure! 3"21:! SEM! images! obtained! for! flat! titania! substrates! with! bound! initiators!
exposed! to! different! concentrations! of! macromonomer! and! time.! ! ! The! substrates!
exposed! to! 0M!macromonomer! were! in! A,! B,! and! C! for! 5! min,! 15! min! and! 30! min,!
respectively.!!Images!D,!E,!and!F!were!exposed!to!0.27M!macromonomer!for!5!min,!15!
min!and!30!min! respectively!as!well.!Reproduced! from!Ref.!223!with!permission! from!




0.69!M! solution!of! PEGMEMA! for! 1! hour:! a)! Flat! titania! surface/Polymer! interface,! b)!
polymer! carpet! topography! and! c)! side! view!of! Flat! titania! surface/polymer! interface.!




the! Grubbs! and! Schrock! Catalyst.224! Reprinted! with! permission! from! Reference! 224.!
Copyright!2001!American!Chemical!Society.!..................................................................!136!
!











presented! above! yield! different! rates! of! control.! ! The! “G”! series! represent! Grubbs!
initiator,! and! the! Molybdenum! alkydiene! on! the! right! is! an! example! of! a! Schrock!




form! a! double! polymeric! shell,! as! illustrated! by! Watson! et! al.145! Reprinted! with!
permission!from!Reference!145.!Copyright!1999!American!Chemical!Society.!.............!140!
!
Figure! 4"6:! Method! of! anchoring! group! synthesis! and! subsequent! application! for! si"
ROMP! on! a! titanium! dioxide! surface,! as! illustrated! by! Ye! et! al.139! Reprinted! with!
permission!from!Reference!139.!Copyright!2010!American!Chemical!Society.!.............!142!
!
Figure!4"7:! Surface! attachment!of! nanoparticles! (synthesized!by!ROMP)!onto! a! titania!
surface! previously! functionalize! with! APTES.! ! This! grafting! can! be! categorized! as! a!
"grafting! to"! method,! in! which! the! final! application! is! the! pH! responsive! release! of!
gentamicin!(GS).125,255!.....................................................................................................!143!
!
Figure! 4"8:! Design! pathway! to! be! explored! in! this! Chapter.! ! Left:! Titania! surfaces!
explored,!which!represents!the!study!of!CTI!porous!tube!functionalized!with!APTES!and!
bound!with!a!norbornenyl!terminated!carboxylic!acid!molecule!(also!known!and!seen!as!
NB"PEO"COOH).! ! Subsequent! activation! with! the! Grubbs! 1st! generation! initiator! and!
exposure! to!norbornene! (or!NB)! theoretically! results! in! a! film.! !Right:! Evonik!particles!
functionalized! with! APTES! and! bound!with! NB"PEO"COOH.! ! Similar! to! the! CTI! porous!














Reaction! (Pathway! A! is! the! most! common).256! The! appearance! of! a! urea! derivative!




percentages! of! nitrogen! after! the! peptide! bond! is! formed.! Reprinted!with! permission!
from!Reference!256.!Copyright!2011!American!Chemical!Society.!................................!155!
!




Figure! 4"13:! TGA! graph! for! the! subsequent! degradation! of! the! Evonik! particles! post!
polymerized!with!Norbornene! (NB).! ! The! subsequent! film! formed!was! subjected! to! a!
















































with!the!hybrid!particle!solution! (or!S.S.).! !The! images!can!be!crossed!referenced!with!
Table! 5"1.! ! In! this! particular! case,! we! have! the! TiO2! sample! with:! A)! nothing!
(unmodified),! B)! S.S.! mixture! with! vertical/flipping! with! 2! pass,! C)! S.S.! mixture! with!
vertical/flipping!with!1!pass,!D)!S.S.!mixture!with!axial!spinning!(50!rpm),!E)!S.S.!mixture!
with! axial! spinning! (100! rpm),! F)! S.S.! mixture! with! axial! spinning! (100+! rpm),! G)! S.S.!
mixture!with! static! vacuum!and! vertical! 1! pass,!H)! S.S.!mixture!with! dynamic! vacuum!
and!vertical!2!pass,! I)!S.S.!mixture!with!static!vacuum!and!vertical!2!pass,! J)!Zirconium!
blank! sample,! K)! Zirconium! sample!with! static! vacuum! and! ferris!wheel,! L)! Zirconium!
sample!with!static!vacuum!and!vertical!2!pass.!.............................................................!178!
!








Figure! 5"13:! Hydrophobic! droplet! test! performed! on! varying! surfaces! performed!with!
samples! taken! from! the! "Grafting! From"! process! via! si"ROMP.! ! Samples! include! A)!
zirconium! oxide! blank,! B)! zirconium! oxide! with! coated! TiO2"g"APTES"PEO"NB,! C)!
zirconium! oxide! with! polymerized! NB! (pNB),! D)! zirconium! oxide! with! polymerized!
NB/NB"PEO"OH,! E)! titanium! oxide! blank! and! F)! titanium! oxide! with! polynorbornene!
(pNB).! ! Note! how! sample! B),! C)! and! F)! all! have! very! pronounced! water! droplets!
indicating!hydrophobicity.!..............................................................................................!188!
!




































































































































































































































! ! = !∆!! !
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! !"#$%!!"#$%&!"#! = !"##!"#!!!"#$#%& −!"##!!"##!"#!!!"#! !
! where:!










! !"#$%&'!!"#$!!"#!!!"#! = !4!!!!
! where:!
• !!is!the!radius!of!the!TiO2!particle,!in!units!of!“cm”!






























In! order! to! calculate! the! amount! of! DI! Water! to! add! to! the! system! (to! mix! with!
PEGMEMA),!the!following!calculation!is!performed!(note:!Units!are!matched!with!each!
variable):!
!!"##!"#$"$% != ! "#$%&'(! ! !!!"#$%&!"#$% ! ! !! "#$%! "##!"#$"$%! ! !"# !
!
Which!eventually!becomes!(if!we!assume!the!volume!is!25!mL):!!"##!"#$"$% ! = ! "#$%&'(! ! !!0.025! ! !!475 ! !"# !!"##!"#$"$% ! = !!!.!"#! ! ∙ ! !"# !"#$%&'(! ! !
With!the!total!volume!of!DI!water!to!add!as:!
!"#$%&!"! "#$% !" = !!"#$%&!"#$% !" − !"##!"#$"$% !!"#$%&'!"#$"$% ! !" !
As!the!density!is!1.08!g/mL!and!assuming!the!total!volume!remains!as!25!mL,!then:!
!"#$%&!"! "#$% !" = !!"! "− !"##!"#$"$% !!.!"! ! !" !
!
Equation!3W1:!KamletWTaft!Expression!






hydrogen! bond! acceptor! ability,! !∗! is! the! polarizability! parameter! and! !! !is! the!
Hildebrand! solubility! parameter,! which! measures! the! solvent"solvent! interactions!
interrupted! when! the! solute! forces! a! cavity! formation.! ! NOTE:! XYZ0,! a,! b,! and! h! are!





! !"# = !−!!.!"− !.!"#+ !.!"#+ !.!"!∗ + !.!""(!!)!!
!
where!XYZ!is!the!redox!potential,!!!is!the!solvent!hydrogen!bond!donor!ability,!!!is!the!
hydrogen! bond! acceptor! ability,! !∗! is! the! polarizability! parameter! and! !!! is! the!






!"#$%!!"#$%&'!!"#$ = 3.14!10!!" !"##!!"#$%&%&'!"#!!!"#!5.24!10!!" !10!"!
! ! Where!the!total!surface!area!is!in!units!of!nm2!
B).! Total!Moles!of!Initiators!Calculation:!!"#$%! "#$%!!"!!"#$#%$&'( = !"#$%!!"#$%&'!!"#$!!!2.556.022!10!" !
C).! Moles!of!Monomers:!!"#$%!!"! "#"$%&' = !!"##!!"##!!"!!"#$%&'500 !







! 1).! Calculation!of!the!Initiator!used!(in!moles):!!"#$%!!!!"#$#%$&' = !0.0122!!"##!"#$%!!"#!!!!!!!!!"#$#%$&'! "#$208!!/!"# !
• The!208!g/mol!is!the!molecular!mass!of!the!C3"Initiator!group!that!!
! is!degraded!





























!"#$%&#$'!!"#!!"#$%&'(!"#! = !"#$%! "#$%&#$'!"!!"#!!""#!"#$%&!!"!!"#!!!"#$%&'() !
! where:!





!!"#$%&'(! "#$%&'!"!!"#!!""#= ! !"#$%! "#$%&#$'!"!!"#!!""#(!"#$%&'!!!!"!!"#!!!"#! !!! "#$%&!!"!!"#!!!"#$%&'())!!10!"!!
! where:!
• !"#$%&'!!!!"!!"#!!!"#! !is!in!units!“cm2”!(is!3.14x10"10!cm2)!






!"#$%!!"#$%&'!!"#$ = 3.14!10!!" !"##!!"#$%&%&'!"#!!!"#!5.24!10!!" !10!"!
• Where!the!total!surface!area!is!in!units!of!nm2!
2).! Total!Moles!of!Initiators!Calculation:!!"#$%! "#$%!!"!!"#$#%$&'( = !"#$%!!"#$%&'!!"#$!!!2.736.022!10!" !
!
3).! Moles!of!Monomers:!!"#$%!!"! "#"$%&' = !!"##!!"##!!"!!"#$%&'94.15 !
! !
















































There! are! currently! an! estimated! 7! billion! people! on! this! planet,! with! that!






Figure' Intro11:' Data' on' Automotive,' Urbanization' Rate,' GDP' (Gross' Domestic' Product),' and' Energy'
Consumption'in'China.2'
Note! the! data! indicates! that!with! increasing! population! shift! in! China! to!more! urban!
areas,! the! more! drastic! increases! to! the! amount! of! energy! is! consumed.! ! In! most!
developing!nations,! this! trend! is! true.! !Of!particular! interest! for! this! correlation! is! the!
steady!increase!in!energy!consumption!by!the!world,!as!seen!in!Figure!Intro"2.!
It! is! evident! that! the! total! energy! consumption!worldwide!has!been! increasing!
for!the!past!few!decades.!!However,!this!increase!in!production!has!been!primarily!met!
by!use!of!natural!gas,!oil,!and!coal!type!power!plants.! !As!a!result!of!the!ever"growing!






These! older,! dirty! technologies! are! unfortunately! the! simplest! to! implement,! and! for!




power! plants! into! cleaner! alternatives.! ! With! many!more! power! plants! polluting! the!
atmosphere!with!higher! concentrations!of! CO2,!NOx! and! SO2,! there! is! a! clear! need! to!
help! prevent! the! release! of! these! gases! as! to! help! prevent! global!warming.4! As! such,!
there!is!a!need!to!make!fossil!fuels!into!a!cleaner!energy!source.!! The!main!objective!of! this! thesis!will!be! to!provide! the! readers!a! look! into! the!
study!of!membrane!materials;! that!one!re"evaluate!the!use!of!membranes!from!just!a!
purely! inorganic! perspective! or! organic/polymeric! perspective,! and! imagine! them! in!
terms!of!hybrid!materials.!!In!this,!we!want!to!present!a!relatively!regenerative!method!
! "!3!"!
to! quickly! replace! the! polymeric! portion! of! a! selective! membrane! and! thus! form! a!
regenerative!(and!scalable)!system!that!can!be!easily!(re")applied.!
In! the! first' chapter,! we! will! briefly! go! through! the! different! methods! of! gas!
separation!that!exist,!and!evaluate!why!membranes!are!the!best!choice.!!Then,!upon!a!
brief! literature! search! and! background,! we! will! evaluate! the! different! forms! of!
membrane! materials! and! discover! that! functionalization! directly! from! the! inorganic!
component! to! form! the! organic! (polymer)! layer! was! the! most! ideal! method! of!
membrane!formation.!
Chapter' two! will! dive! into! literature! regarding! the! different! forms! of! surface!
modification,! focused! on!work! that! used! anchoring! groups,! such! as! phosphonic! acids!
and!silane"based!anchors.!The!substrates!that!will!be!first!used!in!this!study!range!from!
titania! particles! (Evonik! particles! and! Sigma! particles),! flat! titania! surfaces,! and! CTI!
porous! tubes.!The!modified!titania!surfaces!will! then!be!characterize!using! techniques!
such!as!XPS,!TGA!and!NMR.!!The!grafting!density!of!each!moiety!will!be!determined!and!
discussed.!
Chapter' three! focused! on! the!work! of! surface"initiated! Atom"Transfer! Radical!
Polymerization,! or! si"ATRP.! ! Using! the! phosphonic! acid! functionalized! titania! surfaces!
(i.e.!particles!and!flat!substrates),!si"ATRP!was!applied!to!form!hybrid!structures,!and!will!
be!studied!with!the!help!of!XPS,!TGA!and!DLS.!!!
Similarly,! chapter' four! applied! surface"initiated! Ring"Opening! Metathesis!
Polymerization! (si"ROMP)! on! the! silane! functionalized! titania! porous! supports! and!
titania! particles.! ! Work! for! further! functionalization! of! the! silane"based! titania! was!
required;!specifically!the!addition!of!a!norbornenyl!terminated!group!that!could!become!
the! initiator! in! si"ROMP.! !XPS!and!TGA!were!also!applied! to! study! this!polymerization!
technique.!
Chapter' five! would! apply! the! knowledge! learned! in! the! previous! chapters! to!
develop! the! two!methods! of! ceramic! tube!modification! –! either! through! a! “Grafting!
From”! method,! or! a! “Coating! Onto”! method.! ! The! “Grafting! From”! method! would!
capitalize! on! the! functionalized! titania! particles! directly! onto! the! CTI! porous! tubular!
! "!4!"!























current! estimated! figures! of! between! 20"30! billion! tons! of! CO2! are! annually! released!
into! the!atmosphere! from!power!generation!and! industrial! activities.5,6! It! is! clear! that!
the!CO2!emissions!due!to!human!activity!have!drastically!changed!over!the!years.!!Aaron!
et# al.! reported! that! 7! Gt! of! CO2!was! released! annually! in! 2005,7!while! Favre! in! 2007!
reported!20!Gt.6!More!recently,!Du!et#al.!reported!30!Gt!estimate!in!2010.5!What!seems!
clear!is!that!the!estimated!figure!of!released!CO2!into!our!atmosphere!is!only!increasing;!
a! serious! issue! as! the! release! of! CO2,! a! Greenhouse! Gas! (GHG)! with! a! very! long!
atmospheric! lifetime! of! 100! years,! is! expected! to! contribute! to! the! global! increase! in!
temperature!in!the!long!term!(also!known!as!“global!warming”).4!
With!this!information!in!mind,!it!is!vital!that!we!reduce/mitigate!the!amount!of!
this! greenhouse! gas! released! into! the! atmosphere.! ! As! previously! shown,! one! of! the!
most!vital!places!of!emissions!are!from!coal!and!gas!power!plants.!!Since!the!world!will!
not! switch! abruptly! from! fossil! to!non"fossil! fuels,! the!next! best! alternative! is! to!help!
reduce/eliminate! the! release! of! CO2! into! the! atmosphere! before! it! is! released,! and!
possibly! inject! this! gas!back! into! a! recycling/production!process.! ! Taking! this! fact! into!
consideration,!we!must! consider! the!post"combusted!exhaust! gas,! also! known!as! flue!
gas,!to!be!where!we!are!to!extract!the!target!gas.!!However,!it!is!also!vitally!important!to!
understand!what!gases!are!present!within!this!flue!gas!mixture.!






















There! have! been! various!methods! of! separation! that! have! been! explored! and!
utilized!over!the!years!to!help!combat!the!issue!of!releasing!this!greenhouse!gas!into!the!
atmosphere.! !While! the! list!of!methodologies!can!be!extensive,!one!can!narrow!down!




route,!or! through!a! solid!matrix! route.! ! In!either! case,! the!process! requires!CO2! to!be!
absorbed! into!the!new!medium!at!a!higher!rate!than!any!other!component!present! in!
!"!8!"!
the! flue! gas! (such! as! nitrogen! and! oxygen).7! The! absorption! method! is! a! two"step!
process!with!successive!absorption/desorption!cycles,!which!means!that!the!quantity!of!















which! the! reverse! reaction! is! thermally! induced.! ! This! thermal! change! results! in! the!
release!of!CO2,!which!can!be!collected!and!stored!as!a!high!purity!product.7!Figure!1"2!













With! solid!absorption,! the!basic!principle!of! removing!CO2! from! the! flue!gas! is!
the! same! as! with! liquid! absorption,! where! compounds! such! as! calcium! hydroxide,7!
lithium!hydroxide,7,11!or!solid!amine!(such!as!the!HSC+!solid!amine!beads,!developed!for!
space!exploration!use!and!used!by!NASA)12!absorb!the!target!gas,!and!is!processed!later!
to! be! released.! ! However,! some! of! these!materials! require! higher! temperatures!with!
absorption!and!desorption,!typically!found!to!be!800°C!and!1000°C!respectively,!which!
reserve! these! methods! for! some! specific! industrial! processes! where! the! flue! gas! is!
!"!10!"!




Unlike! absorption,! adsorption! is! a! surface! phenomenon! with! CO2! being!
physisorbed! onto! the! surface.! ! Adsorption! is! restricted! by! the! limiting! factor! of! the!










filters,! where! CO2! is! adsorbed! at! a! pressure! of! about! 1! atm.! ! The! resulting! exit! gas!
should!be!very!low!in!terms!of!CO2!concentration.!!In!the!desorption!part!of!this!process,!











through!alternating! the! temperature! for! the!adsorption!and!desorption!processes.! ! In!
this! case,! the! setup! can! be! similar! with! the! PSA! system,! but! the! release! of! the!
immobilized! gas! would! require! higher! temperatures! and! the! absence! of! pressure!
variations.14!
1.1.3 Distillation(!




a! solid! below! 195! K,! whereas! N2! liquefies! at! 77! K,! unless! the! pressure! increases.!!
Subsequently,! the! mixture! N2! and! CO2! gas! temperature! is! reduced! until! the! CO2! is!
!"!12!"!
liquefied! (under! pressure)! and! the! resulting! N2! (which! as! a! lower! liquefaction!
temperature)!is!removed!from!the!system.!!As!reported,!the!point!of!interest!for!CO2!is!










It! is! important! to! highlight! that! while! this! process! is! quite! energy! intensive! and!
somewhat! harder! to! scale! up/work!with! in! high! concentrations,! there! does! exist! the!




While! there!can!be!many!different! types!of!membranes,! such!as! zeolites/mesoporous!
structures18,19! or! polymeric!membranes,5"7,19"22! they! all! still! achieve! the! same!process,!
based! on! selective! permeability,! of! allowing! certain! gases! to! pass! through! the!
membrane,!while! retaining!or! preventing!other! gases! to!pass.! ! A! driving! force! always!
induces!this!separation!mechanism,!which!is!usually!a!pressure!difference!upstream!and!
downstream! of! the!membrane! seen! as! a! semipermeable!medium.! Selectivity! toward!
one! component! can! be! increased! if! some! chemical! groups!within! the!membrane! (i.e.!
dense!membrane),! or! on! its! surface! (in! the! case! of! porous!membranes)! have! specific!




gas! first!enters,!and! later!becomes!the!retentate! (or!unfiltered!portion!of!gas).!As!this!
feed! gas! gets! filtered! through! the!membrane!walls! to! become! the! retentate,! the! gas!









Most! of! the! membranes! for! gas! separation! are! dense! membranes,! named!
affinity!membranes! because!one! chemical! group! in! the!membrane!displays! a! positive!
affinity!toward!one!gas,!which!favours!its!diffusion,!hence!the!membrane!selectivity.!To!
provide! a! significant! flow! per! surface! unit,! the! gas! flow! rate! across! the! membrane,!
which!depends!on!the!pressure!difference!applied,! is!an!important!characteristic!to!be!
determined.! In! general,! the! method! of! characterizing! this! parameter! is! through!
considering!the!flux!across!the!membrane!as!a!function!of!the!pressure!difference!and!
the!permeability!of!the!membrane.!!This!property!is!described!by!the!equation:!! = !∆!! ! Equation(1+1:(Fick's(First(Law(
where! J! is! the! flux,!P! is! the!permeability,!∆!!is! the!difference! in!pressure,! and! l! is! the!
membrane!thickness.!!As!seen!in!Equation!1"1,!a!reduction!of!the!flux!can!be!a!result!of!
(i)! thick! membranes,! which! is! an! manufacturing! parameter,! (ii)! a! reduction! in!
permeability,! which! is! a! material! parameter,! or! (iii)! a! reduction! in! the! pressure!




controlled! in! the! physical! design! of! the! setup! (considering! pressure! can! be!
adjusted/controlled,!as!well!as!the!membrane!thickness!during!manufacturing);!we!note!
the! permeability! drop! is! the! factor! that! will! change.! Permeability! is! taken! into!
consideration!through!the!equation:!
!"!15!"!
! = ! ∗ !!! Equation(1+2:(Permeability(
where!D!is!the!diffusion!coefficient,!and!S!is!the!solubility!coefficient.24"26!This!relation!is!
important!as!the!coefficients!take!into!account!the!nature!of!the!gas,!and!its!interaction!





! This! relation! further! gives! rise! to! the! concept! of! “ideal! selectivity”! when! we!
compare!the!permeability!of!a!membrane!for!different!gases.!!Ideal!selectivity!has!been!
defined!as:! !! ! = !!!! !!!!! Equation(1+3:(Ideal(Selectivity(
where! ‘i’! and! ‘j’! are! the! different! gas! components,! and! αi/j! is! the! ideal! selectivity.!!
Equation! 1"3! does! not! describe! the! actual! or! optimal! selectivity! of! a!membrane,! but!
instead!the!ability!of!the!membrane!to!separate!two!different!gases.!It!is!usually!used!as!
a! membrane! performance! descriptor,! when! it! should! be! better! used! as! a! material!
parameter.!! !
From! this! equation! 1"3,! we! can! quantify! the! selectivity! of! the! membrane!
material! toward! one! gas! from! another,! which! is! an! important! parameter! to! further!
assess!the!membrane!selectivity.! !For! instance,! if! the!permeability!of!CO2! is!100!times!
greater!than!the!permeability!of!N2,!then!the!ideal!selectivity!of!the!membrane!is!100,!
and!we!can!state!that!the!material!has!an!affinity!for!CO2!100!times!higher!than!for!N2.!!
Therefore,! the! ideal! selectivity! is! a! key!parameter!when! considering!materials! for! gas!
separation,! and! a! key! reason! to! characterize! the! permeability! (factors! affected! by!
sample!thickness,!diffusivity!and!flux).!
! Looking! into! literature! regarding! this! ideal! selectivity! factor! (α),! the! work! by!
Robeson27,28!shows!perhaps!the!most!fundamentally!important!graph!for!any!researcher!
in! the! membrane! field.! ! Dubbed! the! “Robeson! Curve”,! this! “theoretical! empirically!









Perhaps! more! notable! are! the! polymeric! membranes! of! the! polymer! of! intrinsic!




the! way! the! membrane! is! structured.! ! For! the! purpose! of! this! report,! the! ‘simple’!
sorption! diffusion! membranes! will! be! reported.! ! This! is! also! known! as! polymeric!






In! this! model,! the!membrane! is! primarily! polymer! based,! where! the! diffusing!
solute!(or!gas!particle!in!this!case)!travels!through!a!dense!polymer!layer!in!a!two"step!






is! reduced,24! hence! the! permeability! of! the!membrane.24,25!With! amorphous! or! semi"
crystalline! polymer! chains,! a! higher! permeability! is! observed! as! a! result! of! the! lower!
density! chain! packing.! ! Thus,! crystallinity! can! effectively! lower! permeability! and!
potentially! affecting! the! selectivity.! ! The! chemical! properties,! besides! the! polymer!
!"!18!"!
backbone! organization,! can! also! affect! the! permeability! of! the! target! molecule! for!




actual! molecular! sieving!mechanism! requires! the! porosity! to! be! well! calibrated,! thus!
zeolite! structures,! which! are! crystalline! microporous! architectures,! are! the! best!





passage! of! the! molecule! through! the! framework).7,18,31! Thus,! provided! that! there! is!
simple! diffusion! of! the! gas! (or! there! is! a! higher! driving! force! created! by! a! pressure!
differential),! the! molecular! sieving! system! can! separate! based! on! size,! leaving! larger!
molecules!within!the!retentate.!
1.1.4.3 “Reverse(Selective”(surface(diffusion(!




along! with! the! larger! particles! across! the! pore.! ! As! mentioned! by!Merkel! et# al.,! the!
selectivity!equation!is!a!ratio!between!two!gases!solubility!and!diffusivity.33! In!general,!
as! the! particle! size! increases,! the! solubility! increases.34! However,! the! diffusivity!
decreases! in! parallel,! as! was! illustrated! by! the! permeability! equation! (Equation! 1"2).!!
!"!19!"!
From!this!relationship,!we!can!see!that!it!is!possible!to!cater!a!polymer!that!has!a!higher!










































Expanding!on! the!description! for!Table!1"3,!problems!exist! for!each!method!of!
implementation.! !With! absorption,! while! there! is! a! high! versatility! with! the! different!
solvents! and! even! solid! absorbers,! there! is! a! large! capital! and!maintenance! costs! as,!
impurities! formed!by! the!amine"based! reactions! can!occur! (ex:! sulphites!and!nitrites),!










Membranes! appear! to! be! the! simplest! technology! to! implement! as! the! main!
components! consists! of! a! compressor,! the!membrane! and! some! fans.7! However,! the!
membranes! themselves! suffer! from! a! trade"off! between! selectivity! and! permeability!
that!must!be!optimized,!along!with!issues!in!material!manufacturing.!We!can!also!note!
that! there! is! still! place! for! material! "or! combination! of"! developments! able! to! meet!
requirements!in!both!selectivity!and!permeability.!
Considering!the!work!and!assessment!that!Aaron!(2005),!Favre!(2007)!and!José!
(2008)!have! stated!and!made,! it! is! clear! that!while! there!are!many!advantages! to! the!
current!realm!of!liquid!scrubbers!utilizing!amine!solvents,!membranes!are!an!attractive!
option! for!gas! separation.!Membranes!are!extremely!versatile!when!utilizing!different!
polymers! for! selectivity,! and! fewer! requirements! for! specialized! equipment.5,7! Their!
success! will! be! demonstrated! if! high! performance! materials! can! be! used! for! large!
surface!membranes!at!a!competitive!manufacturing!cost,!along!with!a!suitable!lifetime!!
!"!21!"!
against! corrosive! flue! gas,! or! the! insertion! of! a! pretreatment! stage! before! the!
membrane.!
1.3 Forms(of(Membranes(!
From!our! literature! search,! a! series! of!membranes!were! found! to! target! post"
combustion!scale!separation.!!Such!membrane!functions!can!be!categorized!into!several!
areas,! which! range! from! passive! to! facilitated/active! transport.! ! As! we! are! aiming!
towards!membranes!of!the!passive!nature! in!this!work,!we!will!briefly!touch!upon!the!











Polyimides! are! polymer! structures! formed! by! the! reaction! of! a! carboxylic!
anhydride!with!an!amine!to!form!one!repeating!monomer!unit!(note!that!each!molecule!
must! posses! either! two! carboxylic! anhydride! groups! or! two! amine! groups! for! the!





The!material!has!been!reported! to!be!attractive! in! the!sense!of! its!high! robust!
mechanical!properties,35!including!thermal!stability!and!chemical!tolerance.5!While!this!
material! is! very! strong,! it! has! been! shown! that! interaction! with! CO2! can! cause! the!
membrane! to! swell! and!plasticize,!which! increases! the!permeability! for! all! gases!over!
time.5! However,! side! groups! have! been! crosslinked! to! help! maintain! the! formed!
polymeric!channel!across!the!membrane,!and!subsequently!help!increase!the!selectivity!
of!CO2.35!!!
Probably! the!most!well! known!membrane!within! the! polyimide! realm! are! the!
Matrimid®!membranes,!with!a!significant!selectivity!for!CO2/CH4!and!CO2/N2,!equal!to!36!











Amine! exposed! polymers! come! in! a! variety! of! shapes! and! sizes.! ! In! this! case,!
these!polymers!exist!with!functionalized!or!exposed!amine!groups!that!can!interact!with!
the! target! case! (i.e.! CO2).! ! Considering! that! with! the! method! of! transport! found! in!
absorption!using! solvents! like!MEA!and!DEA! (diethanolamine),! the!expectation! is! that!
such!exposed!groups!can!also! interact!similarily!with!the!target!gas.! ! In!this!case,!such!


































membranes! were! invented/sold! by! Atochem40,! currently! part! of! Arkema.! ! In! this!
product,!the!structure!is!comprised!of!a!block!copolymer!of!one!portion!polyamide!and!













polysulfones!membranes!currently!available.! !However,! it!was!Monsanto! in!the!1980’s!




! Due! to! the! high! packing! factor! and! subsequently! low! free! volume! within! the!











mixed! with! sulfuric! acid.53! Their! original! use! were! first! made! as! desalination!




Independently! from! their! chemical! nature,! as! described! above,! polymeric!
membranes! are! often! prepared! by! the! process! of! phase"inversion.52! Indeed,! what! is!
often!named!as!the!“loeb"sourirajan”!membranes,!have!been!the!best!scalable!method!
!"!27!"!







With! the! information! known! from! the! first! patent! filed! on! large! scale! production! of!



































! One! can! easily! draw! similarities! between! both! processes,! as! they! involve! the!




Metal! oxide! based! inorganic! membranes! have! been! extensively! researched,!
particularly!by!Larbot!and!his!group!at!Montpellier!(France).! !Larbot!and!his!colleagues!









coated! to! form! the! bulk! of! a! membrane! (albeit! use! of! a! mold! is! required).! ! The!
remaining! two! methods! are! sol"gel! based! methods;! metallic! salts! or! alkoxides! can!
undergo! the! sol"gel! (or! solution"gelation)! process! to! form! the! inorganic! membrane.!
These! methods,! while! capable! of! making! full! membranes! themselves,! are! usually!
applied!to!existing!porous!tubular!or! flat!substrates!made!by!usual!ceramic!processes.!!
Their!applications! towards! surface!modification!are!achieved!by! layer"by"layer! coating!
!"!31!"!
from!a! slurry!using! to! the!engobe! (or! slip"cast)! technique.!The!membranes! substrates!





are! formed.! Fortunately,! these! defects! are! usually! repaired/eliminated! by! the! sol"gel!
coating! that! can! complement! these! properties! by! being!more! resistant! to! cracks! and!
providing!a!smooth!surface!to!work!with!(note!the!column!“homogenous!packing”).!
! Unlike!polymer!membranes,!ceramic!membranes!are!more!resistant!to!chemical!
attack! and! particle! attrition,! which! makes! them! suitable! for! treatment! of! industrial!
effluents.! They! can! also! withstand! the! counter"flushing! process! for! decontamination!
and! unclogging! due! to! surface! solute! build"up.! In! other! applications! like! water!
treatment! or! possibly! gas! separation,! they! can! compete! with! polymer!membranes! if!
their! longer! lifetime!balances! their! higher!manufacturing! cost.! It! is! important! to! note!
that!when! using! such! inorganic!membranes,! the! application!must! always! be! the! first!
question! to!ask.! !As! the! structure!of! the!different! types!of!membranes!yield!different!










salt! route,! also! known! as! DCS! (destabilization! of! colloidal! solutions),! a! metal! salt! is!
dissolved! in!a! liquid!media!with!an!electrolyte! that! can! stabilize! the!precipitate! into!a!




between! particles! (forming! a! electric! double! layer)! to! keep! the! particle! suspension!
dispersed.!!If!the!solvent!(in!this!case!is!water)!is!progressively!removed!by!evaporation,!
proximity! between!particles! decreases! and! the! repulsive! double! layer! cannot! prevent!
these! particles! from! coming! into! contact! thus! creates! a! gel! made! of! aggregated!






dehydration! process! leading! to! DCS! results! from! water! diffusing! through! the! porous!









The! thickness! of! this! coating! depends! on! the! initial! concentration! of! the! colloidal!
suspension! and! the! time! left! for! this! “engobe”! operation.! The! interparticle! pore! size!
(textural!porosity)!depends!on!the!initial!particle!size!and!the!degree!of!sintering!applied!
to!the!membrane.!!In!the!later!work!from!Larbot!et#al.60,!they!synthesized!both!titania!
and!zirconia!sol"gels! to!be!applied! to!membranes!using! the!DCS!method.! !The!control!





Figure( 1+21:( Left:( Colloidal( particle( sizes( for( two( different( values( of( electrolyte( concentration( (C1( =(
100C2)(Right:(Pore(diameter(as(a(function(of(sintering(temperatures:(+(A:(TiO2(membranes(and(B:(ZrO2(
membranes.60 










Figure( 1+22:(Micrograph( of( a(multilayer( system( formed( by(macroporous( support( of:( a)( cordierite,( b)(









manufacturing! and! stable,! consistent! structures.! ! Indeed,! both!mesoporous!materials!
and! zeolites! possess! an! internal! (structural)! porosity,! which! can! only! be! used! in! the!
separation! process! if! there! is! no! interparticle! (textural)! porosity.! As! a! result,! the!
formation! of! membranes! requires! one! to! achieve! defect"free! monolithic! layers.! It! is!
from!this!point!that!such!materials!essentially!behave!as!membranes.! !These!inorganic!
membranes! separate! fairly!well! based! on! size,! and! enable! us! to! purify! a! solution! (or!






It! is! important! to! remember! that! this! separation!on!size!works! for!both! liquid!and!
gaseous! mediums,! which! is! important! as! gas! separation!membranes! remains! a! large!





the! framework,! these!membranes! become!more! valuable! in! separation! of! larger! and!
more! complex! materials.! ! Surfactant! choice! is! definitely! of! great! importance,! as! it!









sol"gel! process,! under! moderate! conditions.70! These! moderate! conditions! usually!
include! a! hydrothermal! treatment! between! 100"130˚C! after! the! template! structure! is!
formed!by!the!micelles!(which!form!fairly!quickly).!!The!versatility!of!the!system!allows!
for! the! synthesis! in! both! acidic! and! basic! conditions.! There! exist! different! synthesis!










within! a! liquid!medium,! and! subsequently! “polymerize”! the! silica! around,! or! allow!all!
the! components! to! self"assemble! during! an! hydrothermal! treatment! from! the! initial!





We! can! identify! two! main! classes! of! components! used! for! the! synthesis! of!
mesoporous!materials.!!The!first!class!corresponds!to!structure"directing!agents,!which!
act!as!molds!or! templates.!Usually,!surfactants!or!copolymers!are!used.!Depending!on!




geometry.72! Alternatively,! Liu! et# al.! (2007)! used! CTAB! (cetyltrimethylammonium!
bromide),!and!yielded!an!average!pore!size!of!2.74!nm!for!the!MCM"48!structure!with!a!
cubic! porous! framework.73! ! Table! 1"5! shows! the! resulting! formulation! ratios! in!
synthesizing!specific!mesoporous!products!using!M41S!powders.!!
The! second! class! corresponds! to! the! inorganic! precursors,! which! create! the!













the! Knudsen! like! behavior! as! seen! in! Figure! 1"26.! ! The! graph! indicates! that! as! we!
increase!temperature,!we!decrease!the!associated!gas!permeance,!because!permeance!
is!inversely!related!to!the!temperature!in!Knudsen!diffusion.!!!We!previously!mentioned!




Figure( 1+26:( ( MCM+48( membrane( as( a( function( of( reciprocal( molecular( weight( vs.( permeance( (at(
pressure(difference(of(270kPa).69((
!
Another! example! of! mesoporous! membranes! was! made! with! MSU"X! silica.!!
MSU"X! (MSU"Michigan! State! University)! was! developed! using! surfactants! which! are!
nonionic! in! nature! (such! as! alkyl"PEO,! alkylaryl"PEO,! polypropylene! oxide"PEO! block!
copolymers,! or! TWEEN).76"78! Due! to! a! specific! preparation! process! that! resulted! in!
parallel,!continuous!mesopores!spanning!the!entire!length!of!the!membrane!thickness,!
a!particular!filtration!behavior!was!observed!as!a!function!of!the!pH!and!charge!created!
on! the! silica! surface.! ! It! was! observed! that! despite! a! small! pore! diameter! ranging!
between!2"3!nm,! it!was!possible! to! enable! larger! (slightly! charged)!molecules! to!pass!
through! if! the! silica! surface! charge!was! creating! an! additional! interaction! force.! As! a!
result!of! these!unique,!non"connected!straight!pores,! the!water! flow!was!sufficient! to!
push!these!polymers!through!the!membrane.!On!the!contrary,!if!the!surface!charge!was!
incompatible,!the!steric!exclusion!was!sufficient!enough!for!the!polymers!to!remain!on!













Aluminosilicates! known! as! zeolites,! or! other! molecular! sieves! like!
aluminophosphates! or! gallophosphates,! are! typically! crystaline!microporous!materials!
with! pores! usually! smaller! than! 1! nm! in! diameter.79"81! Because! of! their! crystalline!
structures!(unlike!mesoporous!materials!that!are!amorphous)70,!they!can!endure!higher!
temperatures! and! especially! hydrothermal! conditions! without! structure! collapsing.!!
There! have! been! a! tremendous! amount! of! research! in! fabrication! and! use! of! zeolite"
based!membranes.79,80!However,!the!only!known!industrially!manufactured!membrane!
is! the! Zeolite! A"based!membranes! by!Mitsui! &! Engineering! Shipbuilding! Co! (MES! Co)!
!"!42!"!
used! for!dehydration!or!pervaporation,! specifically! in!water/ethanol! separation.82! It! is!
actually!very!challenging!to!synthesize!a!zeolite!membrane!with!a!reduced!thickness!to!
favour! permeability,! with! no! defects! or! interparticle! porosity,! and! to! extend! this!
synthesis!up!to!industrial!manufacturing.!Regarding!the!potential!of!zeolite!membranes,!















inside! the! pores).! ! The! synthesis! process! can! require! significant! time! to! allow! for! a!




al.#were! able! to! successfully! deposit! a! layer! of!NaA! zeolite! on! a! porous! alumina!disk,!
with!a!top!silicalite"1!layer.87!However,!beyond!the!interesting!synthesis!demonstration,!












































































































































































The! table! reaffirms! there! exist! a! vast! number! of! zeolite! membranes! developed! and!







control! of! the! permeability! when! dealing! with! pervaporation! with! water,! because! it!
controls!the!zeolite!acidity,!hence!its!hydrophilic!properties.! ! It!has!been!found!that!as!








From!our! knowledge,! the!Mitsui! (MES)!membrane! (or!NaA! zeolite)! is! the! only!
known/documented!commercially!available!membrane.82,94,97!!If!we!consider!the!results!





These! membranes! use! the! well"defined! crystallized! porous! framework! to! apply! size!
exclusion,! especially! in! ethanol/water! separation.! Indeed,! the! zeolite! NaA! has! a! pore!
size!that!lies!between!water!and!ethanol!molecular!sizes.!This!results!in!water!diffusing!
across! the!membrane! into! the! permeate,! leaving! ethanol! to! remain! in! the! retentate.!
With!such!high!affinity!for!water!compared!to!other!solvents,!this!gave!way!for!Mitsui!
Engineering! and! Shipbuilding! Co.! Ltd.! to! design! and! create! the! first! large"scale! plant!
using!tubular!modules!for!separation!of!0.2!wt%!water!from!other!solvents.!82,94!!Figure!
1"30! shows! the! resulting! water! separation! when!working! with! low! concentrations! of!
!"!47!"!






While! the! plant! was! composed! of! 16! modules,! totaling! 125! pieces! of! NaA! zeolite!
membrane,! the! resulting! packing! density! (or! area/module)! is! low! compared! to!
polymeric!membranes.!!!
1.3.3 Mixed+Matrix(Membranes(!
The! basic! premise! of! mixed"matrix! membranes! has! been! an! unavoidable!
direction! in! the! realm! of! membrane! development.! In! the! prior! sections,! we! have!
highlighted! that! there! has! been! a! series! of! work! on! polymeric! membranes! and!
inorganic/ceramic!based!membranes!for!different!applications,98!all!of!which!range!from!
water!purification!to!gas!separation!in!the!pre/post!combustion!gas!process.!!!




zeolite! into! a! polymeric! matrix! of! PDMS! showed! a! time! lag! effect! between! the!
adsorption!of!CO2!and!CH4.99!However,!this!effect!did!not!last!or!make!a!big!difference!
during! the! steady"state! gas! separation! for! the! composite!membrane.! ! Still,! the! actual!
influence!of!adding!discrete!inorganic!fillers,!even!porous,!within!a!continuous!polymer!
films,! are!not! clearly!defined,!beyond! the! creation!of! local! interfaces! that! can!help! to!
increase! gas! flux.! A! later! patent! by! Kulprathipanja! and! coworkers! showed! that! it!was!




how! such! mixed"matrix! membranes,! or! MMM,! are! formed,! along! with! a! brief!
introduction!to!the!fillers!that!can!be!used.!
1.3.3.1 Formation(!
The! formation!of! the!MMM!are! fairly! straightforward.! !As!described! in!various!
texts,102"104! the! formation! of! mixed"matrix! films! involve! a! process! similar! to! the!
formation! of!membranes!via! the! phase"inversion!method.! !However,! the! precursor! is!
formed!with!a!mixture!of!the! inorganic!component!(whether!they!be!zeolites!or!other!




Figure(1+31:( Three(different(methods(of(mixing( inorganic(phase(with( the(polymeric( phase(before( the(
formation(of(the(dope(solution(for(mixed(matrix(membrane(formation.((A)(shows(first(step(of(inorganic(
dispersion(and(subsequent(addition(of(polymer(to(form(dope(solution.((B)(shows(the(reverse,(with(the(
polymeric(solution(made( first,(and(then(the( inorganic( fillers(are(added(to( form(the(dope(solution.( (C)(





formation! of! hollow! fibers,! as! shown! in! Figure! 1"32.! In! either!methods,! the! inorganic!





with( a( coating( of( the( inorganic( fillers,( while( B)( shows( a( hollow( fiber( with( an( exterior( layer( of( the(
inorganic(fillers(to(help(with(gas(separation,(as(illustrated(by(Goh(et#al.103#!
The! synthesis! method! becomes! more! challenging! if! true! composite! structures! are!
manufactured.!!Figure!1"33!illustrates!the!many!different!components!required!for!the!
formation!of!a!hollow!fiber!mixed"matrix!membrane.!!In!this!setup,!the!three!different!
solvent! mixtures! (bore! fluid,! core! and! MMX! sheath,! or! the! dope! solution)! are! all!





Figure( 1+33:( Hollow( fiber( formation( setup( for(membranes(with(mixed+matrix( composite( (asymmetric(
system).104(!
Subsequent! systems!with! this!multicomponent! system!are!able! to! form!a!nice!hollow!
fiber! systems!where! the!majority!of! the! inorganic! fillers/components!are! found! in! the!
outer!surface!region!of!the!hollow!fiber.!!However,!it!has!been!shown!that!integration!of!
these! fillers! is!vital! to!the!stability!and!formation!of! the!hollow!fibers,! thus!being!sure!
that! the! surface! of! the! inorganic! component! must! interact! well! with! the! organic!
portion.104!
1.3.3.2 Unfunctionalized(Fillers(!
In! this! first! section!on! fillers,!or! inorganic!component!of! the!dope!solution,!we!
will! briefly! look! at! some! of! the! unfunctionalized! fillers! one! can! use! to! form! a!MMM!






are! able! to! separate! gaseous!molecules! based! on! their!molecular! size! (or! by!what! is!
known! as! a! sieving! effect).! ! CMS! are! formed! from! polymer! pyrolysis,103,105! and! the!
subsequent! integration! with! other! polymeric! matrices! have! been! exploited.! ! For!
example,!Vu!and!Koros!presented!work!done!on!laboratory!synthesized!CMS!that!were!
successfully! integrated! into!Matrimid®! 5218! and! Ultem®! 1000! (glassy! polymers)! that!
yielded!superior!permeation!properties.36!!!
1.3.3.2.2 Zeolites(
When! discussing! zeolites,! we! must! be! clear! that! this! includes! most! common!
structures! of! zeolites,! such! as! silicate"1,! which! were! previously! presented! for! gas!
separation.!!Without!going!into!too!much!depth,!such!materials!have!shown!to!aid!the!














not! limited! to)! zirconium,! iron,!or! titanium!oxides.! ! For! each!metal!oxide,! it! has!been!
shown!that!their!addition!led!to!some!improved!property!in!one!form!or!another.!!While!






















This! study! perfectly! illustrates! that! the! simple! addition! of! an! inorganic! filler! like! TiO2!
cannot! be! effective! without! optimizing! the! organic/inorganic! interface.! This! was! also!
illustrated! in! work! by! Merkel,! where! a! slight! manipulation! of! the! polymeric! matrix,!
allowed!them!to!achieve!higher!CO2/N2!selectivity!upon!addition!of!fumed!silica.33,109!
! Magnesium!oxide!(MgO)!nanoparticles!can!also!be!incorporated!into!membranes!
for! gas! separation,! as! MgO! has! an! affinity! for! CO2.110! In! their! work,! Hosseini! et# al.!
compared! a! commercially! available!Matrimid®!membrane!with! a! series! of! composite!









of!MgO! results! in! a! logarithmic! increase! in! permeability! for! each! gas! that! is! studied.!!
However,! the! subsequent! effect! of! this! is! that! there! is! also! a! linear! decrease! in! the!
selectivity! ratios! for! different! gases! (of!which,! particular! interest! can! be! found! in! the!
decrease! of! CO2/N2)! (Figure! 1"38).! ! They! later! reported! another! study! with! 1,2"
!"!56!"!








As! this! section! implies,! there! exists! functionalized! fillers,! or! functionalized!
inorganic!additives.!!In!this!case,!the!inorganic!components!that!were!mentioned!in!the!
previous! section!are! functionalized!with!organic! ligands! that!enable!easier! integration!
into!their!respective!polymeric!matrix.!!For!instance,!Pechar!et#al.!showed!in!2002!that!it!





This! modification! resulted! in! an! increase! in! permeation! of! various! gases,! and!
subsequently! changed! the! selectivity! of! the!membrane! for! several! gases:! increase! in!
N2/CH4,! but! decrease! in! CO2/CH4! selectivity.114! Li! et# al.! in! 2006! showed! that! it! was!
possible! to! functionalize! different! zeolites! (3A,! 4A! and! 5A)! with! APDEMS! ((3"
aminopropyl)"diethoxy"methylsilane)! to! protect! and! subsequently! form! a! better!











is! the! potential! for! many! researchers! to! thrive! in! this! environment! of! mixing! both!
organic!and!inorganic!components,!there!remains!a!major!issue!with!the!processing!of!
these!materials.!!One!should!be!aware!that!no!matter!how!perfect!a!membrane!is!made!
in! the! lab,! scaling!up! remains! to!be!a!huge! challenge;! that! the!process"ability!of! such!
membranes! is!not!perfect!and!will!pose!challenges!during!technology!transfer!to! large!
scale!production.! !The!main! lag!with!such!a!process! is!ensuring!the!defect! formed!are!
those!purposely!put!in,!and!does!not!propagate!uncontrollably!to!reduce!the!selectivity!
of!the!polymeric!portion!of!the!membrane!when!making!large!batches.! !Subsequently,!




As! previously! presented! in! our! introduction,! our! problem! at! hand! is! trying! to!
reduce! the! amount! of! pollutants! being! released! into! our! atmosphere.! ! While!
membranes!are!an!attractive!alternative!to!the!many!options!available,!there!still! is!an!
abundant!amount!of!work!in!order!to!achieve!an!efficient!system,!including!cost!cutting!
and! material! design! for! increased! gas! selectivity.! ! As! noted! in! the! previous! section,!
mixed"matrix!membranes! yield! superior! systems! for! use! yet! their! process! ability! and!








If! we! consider! the! system/membrane! design,! there! are! several! points! we! can!
take!into!consideration!for!the!overall!design:!
1. The! bulk! of! the! material! should! be! inorganic! in! nature! (specifically! ceramic!
membranes),! as! they! resist! the! conditions! of! flue! gas!more! readily! than! their!
organic/polymeric! counterparts,! and!offer! a! long! lifetime! (roughly!5! times! the!
lifetime!of!a!polymer)119!especially! if!the!actual!membrane!can!be!regenerated!
on!the!same!substrate.!
2. Any!polymeric! layer! introduced!should!be! fairly! thin! (at! least! in!comparison!to!
the!inorganic!portion),!to!help!increase!flux!through!the!membrane!
3. The! system! should! combine! the! advantages! from! both! worlds;! that! is,! long!
lifetime! (+20! years)! from! the! inorganic! portion,! and! high! selectivity! from! the!
organic! portion.! If! the! organic! component! (the! denser! membrane)! is! thin!
enough,!cross"membrane!diffusion!could!be!enhanced.!!
4. The!system!must!be!easily!regenerated!upon!polymeric!degradation!
From!our! knowledge,! all!MMMs! introduced! until! now! see! the! inorganic! additive! as! a!
filler!of! the!polymer!membrane.!None!have!tried!to!create!a!true!composite!structure!
with! a! high! permeability/low! selectivity! ceramic! support! hosting! on! its! surface! a! high!
selectivity/low!permeability!polymer!(or!composite)!membrane.!The!aim!of!this!design!is!
to! reduce!as!much!as!possible! the! thickness!of! the!polymer!membrane!to! increase! its!
permeability.! This! design! is! challenging! because! it! must! prevent! any! polymer!
delamination,! which! would! happen! if! the! polymer! layer! were! only! coated! onto! the!
ceramic! substrate.! It! must! also! be! compatible! with! future! large! scale! manufacturing!
techniques,!if!a!realistic!membrane!concept!is!developed.!
! Taking! these! all! into! account,!we! propose! a! system! that!will! involve! inorganic!
ceramic!tubes!that!are!surface!modified!with!the!selective!polymeric!layer!(i.e.!a!highly!
PEG"ylated! monomer).! ! The! decision! for! polyethylene! glycol! was! made! due! to! the!









! The! inorganic! component! should! be! a! titanium!oxide! based!material! (whether!
particles,! flat! surfaces! or! porous! substrates),! as! they! have! been! shown! to! be! used! in!









of! membranes,! this! work! serves! to! bring! the! reader! up! to! speed! with! the! expected!
design! and! implementation! of! the! project! and! understanding! how! we! reached! this!
objective.!!!




























is! very! important,! as! it! controls! the! cohesion!and/or!diffusion!properties.! Therefore! a!
plethora! of! work! exists! on! the! topic! of! surface!modification,! ranging! from! interfacial!
development!in!the!electronics!industry,122,123!to!medical!systems.124,125!While!the!scope!




ranging! from! integration!via!direct!mixing! (i.e.!addition!of! the! inorganic!phase!directly!
into!the!organic!phase),122!functionalizing!the!inorganic!phase!with!an!organic!stabilizer!
(whether!physisorbed!or!covalently!bonded),126!or!via!growth/formation!of!the!organic!
phase! directly! from! the! surface! of! the! inorganic! phase! (such! as! Surface"Initiated!
Polymerization,!or!SIP).127"131!These!methods!of! incorporating! inorganic!phase! into! the!
organic!phase!have!proved!to!be!effective!in!creating!composite!materials.!However,!in!
the!former!two!cases,!the!integration!suffers!from!stability!of!the!inorganic!phase/fillers!
over! time.132!The!use!of!many! surface!modification! techniques! is!explored! in!order! to!
help! integrate! one! object!with! another! through! various!means.! ! In!most! cases,! these!
particles! or! surfaces! are!modified! to! change! their!material! properties! or! structure! to!
integrate! a! new! material! into! a! system,! and! subsequently! create! a! new!
composite/hybrid!material.!!A!lot!of!work!has!been!placed!into!the!development!of!such!
systems! for! the!sole!purpose!of! improved!properties!or!structural!characteristics! for!a!
vast!spectrum!of!applications.123,133,134!
! Expanding! on! the! various! methods! of! creating! hybrid! organic"inorganic!
composites!via!growth/formation!direction!from!the!surface! involve!many! interactions!
ranging! from! weak! interactions,! such! as! physical! adsorption135"137! to! covalent! bonds!





Of!course,! it! is!very! important! to!consider! the!nature!of! the!substrate!material!
when! determining! each! type! of! functional! group! that! can! be! used! to! bond! to! any!
specific!surface.!!As!we!have!mentioned!several!formats!of!surface!modification,!we!will!
first!discuss!each!of!the!functional!anchoring!groups!presented!and!with!what!respective!











nature! of! the! bonds! themselves! have! been! disputed,! as! it! has! appeared! the! bond!
formation!of!sulfur!on!gold!alternates!between!a!coordination!and!covalent!bond.144!It!
has!been!repeatedly!reported!in!literature!that!these!sulfur"gold!bonds!form!very!good!
SAM! (Self! Assembled! Monolayers)! on! the! surface! of! gold! plated! substrates.! Many!
research!papers!have! reported! the!use!of! this! technique! for! surface!modification! and!
attachment! of! ligands! for! biological! or! electronic! applications.145,146! For! instance,!
! "!64!"!
alkylthiols!can!provide!a!simple!method!of!attachment,!as!illustrated!by!Laibinis!et&al.!via!
ethanol! or! isooctane! solvents,142! or! Folkers! et& al.! also! using! ethanol.147! This! method!
enabled!other! researchers! to!bind!various! functional!groups!on! the!surface,! including,!
but! not! limited! to,! norbornenyl! groups,145! lactams,148! or! other! atom"transfer! radical!
polymerization! (ATRP)! initiators.149,150,151!The! last!variation!allowed! them!to!perform!a!
second! polymerization! to! form! a! block! copolymer! structure! on! the! sample! surface.!!
However,!the!limitation!of!this!method!is!evident,!as!the!surface!must!be!gold!in!order!
for!the!thiol!group!to!form!such!a!strong!bond.! !As!a!result,!one!is! limited!to!specialty!




Catechols! are! considered! a! very! good! surface"binding! group,!which! have! been!
intensively!studied!for!its!binding!mechanism.!!Catechol!structures!have!been!noted!in!a!
variety!of!biological!systems,!specifically! those! found! in! the!attachment!mechanism!of!
mussels.!The!study!of!their!reversible!binding!to!almost!any!surface!substrate!led!to!the!
discovery! of! components! like! DOPA! (3,4"dihydroxyphenylalanine)! or! catecholamine!
structures! governing! their! surface! attachment.152"155! Understanding! this! structural!
chemistry! that! has! worked! well! for! biological! organisms,! researchers,! such! as!










There! have! been! continual! advances! from! using! catecholamine"based!modification! of!
surfaces,! partially! thanks! to! the! simplicity! of! the! reaction,!which! involves! submerging!
the!substrate!into!a!basic!(pH!=!8.5)!aqueous!solution!of!catechol!precursor.155,157!There!
have!been! in!parallel! attempts! to!derive!new!pathways! to! find!catechol!based!groups!
from!other!bio"sources!(i.e.!wine,!tea!and!chocolate).158!!
Continued! functionalization! of! these! modified! surfaces! has! also! yielded! other!
groups,! which! were! later! bonded! by! forming! a! peptide! bond.! ! In! such! cases,! these!
















versatile! toward!surface!binding,!and!they! interact!with!a! large!range!of!metal!oxides,!




While! there!are! several!ways! that! alkoxysilanes! can!be!used,! as!highlighted!by!
Judeinstein! and! Sanchez,122! the! method! of! silane! anchorage! is! through! a! sequential!
synthesis! pathway.! ! It! is! a! two"step! process! where! the! silane! polycondenses! on! the!
surface! and! enables! the! opposite! terminal! end! (or! free! alkyl! end! of! the! alkoxysilane!
! "!67!"!














are! also! very! good! anchoring! groups.! ! For! instance,! phosphonate! groups! are! good!
grafting!groups!because,!unlike!silanes,! they!do!not!stand!homopolymerization!due! to!
their! lower! sensitivity! to! nucleophilic! substitution! when! compared! to! silanes.162!
However,! it! has! been! previously! shown! that! the! Si"O"P! bond! is! very! sensitive! to!
hydrolysis.! ! For! instance,! Mutin! et& al.! showed! that! when! the! grafting! reaction! of!
phosphonic! acids! onto! silica! is! performed! in! aqueous!media,! very! few! Si"O"P! species!
could!be!detected.162,165!On!the!contrary,!this!reaction!can!be!observed!in!higher!yields!
when!using!organic!media.! !However,! this! trend!does!not! follow!when!observed!with!
the!Ti"O"P!bond.! ! The!binding!and!anchoring!of! the!phosphonate! group! to! the! titania!
surface! can! be! achieved! with! the! use! of! aqueous! media,! yielding! a! more! versatile!
method!of!controlled!targeted!coating!on!different!surfaces.!!This!leaves!phosphonate"
anchoring! groups! to! effectively! pattern! non"siliceous! metal! oxides! like! titania! when!
using!an!aqueous!media,!ensuring!no!other!surfaces,!such!as!glass,!would!be!affected.!!!
! "!68!"!
Noting! this! special! ability! of! phosphonate! groups! enables! not! only! greater!
control!of!the!substrate,!but!also!the!ability!to!use!phosphonates!as!one!terminal!end!of!
a! linker!molecule! that!can! function!as!a! transition! layer! towards!a!new! interface.! !For!
instance,!we!can!modify!the!exposed!terminal!end!(or!opposite!end!to!the!phosphonate!






anchoring!substrate!also!needs! to!be!assessed.! !As! it!was!concluded! in!Chapter!1,! the!
use!of!a!metal!oxide!surface!was!the!main!target.!Indeed,!porous!ceramic!supports!are!
available! at! the! commercial! scale,! making! them! suitable! for! the! development! of!
nanocomposite! membranes! if! they! can! be! integrated! with! a! polymeric! layer.! Unlike!






Diving! further! into! the! presented! work! by! Bernardoni,! one! discovers! that! the!
surface!shape!along!with!the!size!of!the!grafting!molecule!determines!the!ability!of!the!




Figure(2?4:(Data( taken( from(the(work(by(Bernardoni(et#al.( regarding( the(ability( to(graph(silane(based(
linkers(onto(different(curvature(inorganic(oxides.((The(plot(compares(the(ability(for(different(alkyl(chain(






specifically! in! the! case! of! increasing! the! length! of! the! grafting!moiety,! illustrates! that!
particles! are! the! best! surface! for! modification! if! one! wishes! to! obtain! the! highest!
grafting! density! possible.! ! As! such,! it! appears! that! the! transferring! of! these! results!
between! different! surface!morphologies! is! not! straightforward.! ! All! parameters! being!













Thiols( "! Well! studied/characterized!"!Ease!of!attachment!







"! Bind! to! almost! all! surfaces!
(hard! to! be! sure! of! correct!
concentration)! added! but! can!
be!adapted!







"! detached! from! metal! oxides!
in! presence! of! water! (bond! is!
less!stable)!
Phosphonates(




"! Harder! to! synthesize! full!
functional! molecule!
"! commercial! competitively!






products,! silanes!and!phosphonates!are!much!more!common! in! the!market! than!their!




with! this!metal! oxide,162,164,165,175"179! and!because! titania! is! frequently! used! in! ceramic!







Substrate(Name( Used(Name(in(Report( Porous( Particle(or(Flat( Size(
Evonik! coating! "!
AERODISP!W740X! Evonik(particles( No! Particle! ~100!nm!
Sigma! Aldrich!








CTI(porous(tubes( Yes! Curved/Flat! 200!nm!pores!
!
The! resulting! substrates! vary! from! the! three!different! surface! forms!we! can! study! for!
grafting:!(i)!nonporous!particles!(from!Evonik!and!Sigma!particles),!(ii)!flat!dense!surfaces!
(from!the!Flat!titania!substrates),!and!(iii)! rough!porous!surfaces!(using!the!CTI!porous!




silane( group.( C3?Initiator( (purchased( from( Specific( Polymers)( is( Propyl( phosphonic( acid( ?2?Bromo?2?
methyl( propanoate,( APTES( is( (3?Aminopropyl)triethoxysilane,( and(NB?PEO?COOH( is( α?norbornenyl?ω?




(ii)! the! silane! grafting! route.! This! surface!modification!was! only! an! intermediate! step!
toward!the!formation!of!a!continuous!polymer!membrane,!using!polymerization!via!!(i)!
surface"initiated!atom!transfer! radical!polymerization! (si"ATRP),!or! (ii)! surface"initiated!





! Two! types! of! titanium! oxide! particles! were! used,! including! a! nanopowder!
(average! size! 21! nm)! from! Sigma! Aldrich! (>99.7%! anatase,! CAS! 1317"70"0),! and! an!
aqueous! slurry! of! anatase! (Aerodisp!W740X)! kindly! provided!by! Evonik.! Poly(ethylene!
Glycol)!(PEG4000,!Sigma!Aldrich)!was!used!for!the!synthesis!of!the!flat!titania!substrates.!
Ceramic!Tubular!internal!monochanel!membranes!(D10/6!–!OD!=!10.4!mm,!ID!=!6!mm)!
composed! of! either! TiO2! or! ZrO2! were! purchased! from! Céramiques! Techniques!














prepared! first! via! a! mixture! of! 90%! w/w! Sigma! particles! and! 10%! w/w! PEG4000!
compressed! at! 200! psi! for! 10!minutes.! ! The! flat! substrate! (1! cm! diameter)! was! then!
































Initiator( (Propyl( phosphonic( acid( ?2?Bromo?2?methyl( propanoate),( provided( by( Specific( Polymers.(
Reproduced( from( Ref.( 223( with( permission( from( the( Centre( National( de( la( Recherche( Scientifique(
(CNRS)(and(The(Royal(Society(of(Chemistry.(
Note!that!from!this!point!forward,!we!will!define!the!Methyl!phosphonic!acid"2"bromo"
2"methyl! propanoate! as! C1?Initiator! (due! to! the! single! carbon! atom! between! the!





! ! Propyl! phosphonic! acid! "2"Bromo"2"methyl! propanoate! (Br"
C(CH3)2(CO)O(C3H6)PO3H2)! from! Specific! Polymers! (France)! was! used! as! a! combined!
grafting!molecule!and!polymerization!initiator!(also!referred!to!as!C3"Initiator).!A!slightly!
modified! version! of! the! initiator,! Methyl! phosphonic! acid! "2"Bromo"2"methyl!
propanoate! ((Br"C(CH3)2(CO)O(CH2)PO3H2,!which!will!be! referred! to!as!C1"Initiator)!was!









of! the! C3"Initiator! grafting! molecule! and! subsequently! were! dispersed! in.! ! The!
suspension!was!homogenized!for!3!minutes,!before!being!heated!at!85˚C!for!2!hours!in!a!
thermostated!bath.!!The!mixture!was!then!centrifuged!at!1,000!rpm!for!5!minutes!and!
the! supernatant! was! removed.! ! Final! grafting! was! achieved! by! heating! the! collected!
powder! in! an! oven! for! 4! hours! at! 155˚C.! ! The! particles!were!washed! from! ungrafted!
molecules!by!re"dispersing!them!with!vortex!stirring!in!40!mL!DI!water.!!The!mixture!was!
left! for! several! minutes,! and! then! centrifuged! at! 5,000! rpm! for! 10! minutes.! ! The!
supernatant!was!then!removed!and!the!remaining!powder!was!dried!overnight.!!!




was! then! centrifuged! (2,000! rpm! for! 10!minutes),! decanted! and! then! left! to! heat! at!
155˚C!for!4!hours!to!mirror!the!final!heating!step.!!Washing!was!then!performed!using!
filtered! ethanol! and! redispersion! of! the! particles! followed! by! re"centrifugation! and!
recollection!of!the!particles.!
! ! In! the! non"heated! case,! the! Evonik! particle! dispersion! in! ethanol! and! the! C3"
Initiator! remained! the! same! (both! quantity! and! method! presented! in! the! previous!
paragraph),!but!was!left!to!stir!at!room!temperature!for!6!hours!(unless!it!was!a!timed!
experiment! of! either! 2! hours! or! 24! hours).! ! The! sample! was! then! removed! and!
centrifuged!at!8,500! rpm! for!10"15!minutes,!decanted,!and! re"dispersed! in!ethanol! to!
wash.! !The!sample!was! then!re"centrifuged! (8,500!rpm!for!15!minutes),!decanted!and!
left!to!dry!overnight.!!In!the!case!without!exposure!to!UV"light,!aluminium!foil!was!used!
to! cover! all! reagents! and! glassware! during! the! reaction.! ! Light! exposure! was! also!
! "!76!"!





grafted! in! a! similar! manner! to! the! titania! particles.! In! a! typical! experiment,! the! C3"
initiator!(0.24!g)!was!mixed!with!ethanol!(15!mL)!and!sonicated!for!5!minutes,!or!until!all!
the!initiator!particles!were!dispersed.!!The!titania!substrates!were!then!heated!with!the!
C3"initiator/ethanol! mixture! at! 85˚C! for! 2! hours.! ! The! titania! substrate! was! then!
removed,! rinsed!with! DI! water! quickly,! and! then! heated! at! 155˚C! for! 4! hours! before!
cooling! down.! ! A! final! rinse! with! water! and! ethanol! was! performed! to! remove! any!
unbound!initiators!at!this!point.!
2.6.1.1.4. Grafting( of( Porous( Titania( Surface( (CTI(




ethanol! (15! mL)! and! sonicated! for! 5! minutes! or! until! all! the! initiator! particles! were!
dispersed.!!The!porous!titania!substrates!were!then!heated!with!the!C3"initiator/ethanol!
mixture! at! 85˚C! for! 2! hours.! ! The! substrate!was! then! removed,! rinsed!with! DI!water!





However,!we! believe! that! the! proximity! between! the! phosphonic! acid! group! and! the!
! "!77!"!
ester"bond! modify! this! stability.! After! a! round! of! inconsistent! results! using! the! C1"
initiator,!we!decided!to!examine!the!stability!and!to!identify!any!potential!problems!that!
could!affect!our!process.!Thus,!the!decision!was!made!to!request!our!partner,!Specific!
Polymers,! to! provide! another! candidate! (C3"initiator)! to! compare.! Therefore,! upon!






results! obtained! were! accurate! and! without! any! impedance! with! this! subsequent!
equipment/containers.!!As!such,!the!first!step!was!to!verify!that!the!spectrum!was!able!



















begin!beyond!the! limits!of!other! types!of!cells.!More!specifically,! the!entire!UV"visible!
spectrum! for! both! initiators! can! be! explained! by! the! contributions! from! each!
component,! when! compared! with! our! reference! compounds.! This! means! that! any!




due! to! the!absolute!value!of! the!absorbance!being!beyond! the! sensibility! limit,!which!
prevented! us! from! quantitatively! comparing! these! values! with! literature/expected!










the! shape!of! the! spectra! is! different! from!what!observed!with! the!C1"initiatior,! but! it!
! "!80!"!








month! period! of! time! to! check! if! the! storage!mode,! as! initially! recommended! by! the!
provider!(storage!in!air!at!4°C),!could!prevent!the!destabilization!of!the!C1"initiator.!1H!
NMR!spectra!results!reveal!degradation!over!time,!according!to!the!degradation!scheme!










Table( 2?3:( Integration( values( for( C1?Initiator( taken( from( 1H( NMR( spectra( provided( from( Specific(










These! 1H!NMR! spectra! demonstrate! that! the! stability! of! the! C1"initiator! is! fairly! poor!
(Figure!2"11!&!Table!2"3),!with!its!degradation!resulting!in!the!appearance!of!two!new!
peaks!formed!by!the!hydrolysis!of!the!ester!group!(note!the!peak!formation!‘d’!and!‘e’).!!
It! is! hypothesized! that! the! short! length!between! the! ester! group! and! the!phosphonic!
acid!group!results!in!an!easily!hydrolizable!bond.!!Unlike!the!C1"initiator,!the!C3"Initiator!














The!procedure! for! the!binding!of! the!C3"Initiator! can!be! found! in! the!previous!
section,! 2.6.1.1!Grafting! Procedure! for! Phosphonic!Acid.!We! studied! this! binding!with!
















2"12"A),!which! is! assigned! to! the! free!phosphonic! acid!group.! This!peak! remains!after!
grafting!but!before!washing!(Figure!2"12"B)!along!with!a!broader!peak!at!18!ppm.!!This!
broadening! and! peak! shift! is! consistent! with! previous! results! found! with! phosphonic!
acid!group!binding.176,59!Upon!washing!(Figure!2"12"C),!the!narrow!peak!disappears!and!
only! the! broad! peak! assigned! to! the! phosphonic! group! bound! to! the! titania! surface!
remains.!This!is!observed!with!flat!porous!titania!substrates!(Figure!2"12"C)!and!particles!
(Figure! 2"12"D&E).! Confirmation! with! use! of! both! Evonik! and! Sigma! particles! yielded!




from!the!work!by!Bernardoni! (Figure!2"4).174! 31P!NMR!analyses!also! revealed! that! this!
grafting! mechanism! could! take! place! at! room! temperature! with! the! ability! to! form!
bonds!with!the!titania,!as!shown!from!the!broad!peaks!in!Figure!2"13!and!Figure!2"14.!!
The! spectra! displayed! in! Figure! 2"15! indicates! that! the! signal! collected! from! grafted!
porous! tubes! provided! by! CTI! was! extremely!weak,! but! present.! This! low! intensity! is!
believed!to!be!the!result!of!sample!preparation,!where!some!powder!is!scratched!from!
the! tube! top! surface,! whereas! grafted! molecules! were! distributed! over! the! whole!





















grafting(onto( particles( is(much(simpler( than(on( flat(or(porous( surfaces( from(this(
route,(and(that(the(grafting(procedure(will(occur(even(at(room(temperature(with(






flat! supports! and! porous! supports! with! a! special! emphasis! on! the! stability! of! the!
bromine!group!located!at!the!exposed!terminus!of!the!initiator!molecule.!Both!bromine!
and!phosphorous!atoms!are!clearly!identified!on!the!XPS!spectra,!shown!in!Figure!2"16,!
which! confirms! the! actual! grafting! and! the! stability! of! the! initiator! function! upon!
grafting.! Table! 2"5! and! Table! 2"6! show! the! subsequent! XPS! values! obtained! for! each!
element!of!interest.!
Table( 2?5:( XPS( atomic( percentages( obtained( for( the( Sigma(particles,( Evonik( particles( and( Flat( Titania(













Br3p3! "! 0.46%! "! 0.41%! "! 0.13%!
P2p! "! 3.73%! "! 3.59%! 0.22%! 2.86%!
C1s! 30.44%! 28.03%! 21.39%! 27.37%! 17.6%! 22.3%!
N1s! 0.38%! 0.38%! 1.04%! 0.45%! 0.19%! 1.8%!
Ti2p! 19.34%! 17.25%! 21.64%! 17.40%! 23.3%! 20.1%!














These! resulting! signals! only! exist! for! samples! that! were! bound! with! the!
organophosphorous/C3"initiator,! not!with!C1"initiator,!which! confirms!a&posteriori! the!
lack! of! stability! of! C1"initiator.! !We! quantified! the! proportion! of! each! component! as!
shown!in!Table!2"5!and!Table!2"6.!!Assessing!these!values,!the!comparison!can!be!made!













tests! with! grafted! samples! exposed! and! hidden! from! UV! light! did! not! reveal! any!








Al2p! 1.2!%! 1.46!%! 1.56!%!
Si2p! "! "! 0.7!%!
P2p! 4.27!%! 4.06!%! 3.73!%!
Br3p3! 0.42!%! 0.59!%! 0.22!%!
C1s! 26.39!%! 26.95!%! 23.18!%!
N1s! 0.39!%! 0.21!%! 0.25!%!
Ti2p! 17.08!%! 16.9!%! 16.58!%!
O1s! 50.07!%! 49.59!%! 52.34!%!
!
It!could!be!hypothesized!that!the! loss!of!bromine!could!have!been!due!to!the!grafting!
reaction! itself.! ! Nonetheless,! we! determined! that! the! best! outcome! was! for! us! to!
continue! using! the! Evonik! particles,! as! candidates! for! the! project.! ! In! this! regard,! the!




Element( 2(hr( 6(hr( 24(hr(
Al2p! 0.73%! 1.59%! 0.78%!
P2p! 5.4%! 4.64%! 5.73%!
Br3p3! 0.49%! 0.44%! 0.57%!
C1s! 29.84%! 28.52%! 32.27%!
N1s! 0.13%! 0.14%! 0.12%!
Ti2p! 14.84%! 15.63%! 13.45%!
O1s! 48.39%! 48.81%! 46.98%!
!
The! evidence! here! tells! us! that! even! in! the! best"case! scenario! (without!UV! light),!we!
obtain! results! that! are! fairly! similar! within! the! first! several! hours.! !While! there! is! an!
observed! slight! increase! in! the! phosphorous! and! bromine! content! after! 24! hours!
compared! to! the! 6! or! 2! hour!mark,! this! could! also! be! due! to! localized! area! scanning!






particles,! alterations! from!different! solvents!were!also!briefly! studied.! ! In!most!of!our!
studies,! ethanol! was! the! first! solvent! of! choice.! ! However,! other! solvents! were! also!
attempted,! including! dichloromethane! (DCM)! and! acetone,! with! reactions! under!
nitrogen! flow.!However,!evaporation!was! too!quick! for! the!DCM!sample,!and!as! such,!




Name( Evonik(particle((unmodified)( Ethanol( Acetone(
Br3d! "! 0.44%! 0.47%!
P2p! "! 1.67%! 2.07%!
C1s! 21.39%! 25.53%! 24.32%!
N1s! 1.04%! 0.56%! 0.59%!
Ti2p! 21.64%! 19.53%! 19.33%!
O1s! 53.40%! 52.29%! 52.81%!
! ! !
! ! The!results!show!minimal!effect!from!the!change!in!solvent,!with!acetone!being!
marginally!higher!in!terms!of!bromine!and!phosphorous!yield.! !This! lower!quantity! left!
the! conclusion! that! ethanol,! while! slightly! lower,! was! much! easier! to! use! during!
processing!as!it!did!not!evaporate!as!quickly!as!acetone!during!the!grafting!procedure.!!











to!determine! the!quantity!of!product!being!grafted,! in!a! similar!method!presented!by!
Matsuno!et&al.170,171!We!first!measured!the!thermal!evolution!of!the!unmodified!Evonik!





Despite! the! very! small! differences!between!both! curves,!we! could! identify! the!
difference! in! the! total! mass! change! due! solely! to! the! C3"Initiator.! ! The! results,!







Sample( Original(Mass((mg)( Mass(Loss((%)( Mass(Loss((mg)(
TiO2(Evonik)! 37.64mg! 2.45%! 0.92mg!
TiO2"g"C3"Initiator! 37.62mg! 3.67%! 1.38mg!
! !
About!0.45mg!of!weight!difference!is!assigned!to!the!C3"Initiator.!!We!used!this!value!to!
evaluate! the! number! of! C3"Initiator! molecules! bound! to! the! surface! of! the! titania!
particles,!according!to!some!assumptions:!
1) Every!Evonik!particle!has!a!diameter!of!100!nm!!
2) The! phosphorous! end/phosphonic! acid! group! bound! to! the! Evonik!
particle!surface!is!not!removed/vapourized!during!the!TGA!analysis,!thus!
changing!our!molecular!mass!from!289!g/mol!to!208!g/mol!(Ramadan!et&

























! !"#$%!!"#$%&!"#! = !"##!"#!!!"#$#%& −!"##!!"##!"#!!!"#! !
where:!










! !"#$%&'!!"#$!!"#!!!"#! = !4!!!!
where:!
• !!is!the!radius!of!the!TiO2!particle,!in!units!of!“cm”!







































the! maximum! packing,! as! other! researchers! have! shown! higher! packing! from!
alkyphosphonate!derivatives.164!However,!this!represents!a!significant!amount!that!can!





















It! is! evident! from! the! structure!of! this!molecule! that! the!binding!of! the! silicon!
atom! to! the! surface! of! the! titania! particles! will! result! in! the! release! of! ethanol.! ! In!
addition,!the!presence!of!water!can!also!help!homopolymerize!the!APTES,!resulting!in!a!










This! following! section! will! investigate! specifically! the! binding! of! the! APTES!
molecules! onto! two! different! titania! surfaces! (for! the! Evonik! particles! and! the! CTI!





! !(3"Aminopropyl)triethoxysilane! –!APTES! (99%,!Aldrich)! and! hexane! (anhydrous!









torr)! for! 19! hours! to! finish! cleaning.! ! Afterwards,! each! sample!was! submerged! into! a!
mixture! of! APTES! in! hexane! (10"2!M,! or! about! 4.7! µL!APTES! in! 2!mL!Hexane! for! each!
sample).!!The!samples!were!left!in!the!hexane!solution!for!2!hours,!and!then!rinsed!with!





with!Ethanol! (96%!Xilab;!10!mL).! !Afterwards,!10!mL!of! the!mixture!was!added! into!a!
flamed!250!mL!round!bottom!flask.!!Anhydrous!toluene!(stored!under!molecular!sieves;!
! "!95!"!
20! mL)! was! added! to! the! round! bottom! flask,! and! a! 3"cycle! freeze"pump"thaw! was!
performed!to!degas!the!liquid.!!The!mixture!was!then!entered!into!the!argon!glovebox!in!
order! to! add! APTES! (0.75! mL).! ! The! round! bottom! flask! was! then! subjected! to! a!
thermostat!oil!bath!set!at!70˚C!for!4!hours.!!The!mixture!was!then!filtered!and!washed!
with! ethanol! several! times! before! vacuum! drying! overnight.! (This! forms! the! TiO2"g"
APTES!particles)!

















The! comparison! of! analyses! between! ungrafted! and! grafted! APTES! on! the! CTI!
porous! tubes! show! fairly! low! changes! in! the! Silicon! (<2%)! and! Nitrogen! (<1%)!
























! As! previously! illustrated! in! section! 2.6.1.3.3!Quantifiable! Yield! (TGA),! TGA!was!
used! to! calculate! the! grafting! yield! on! the! Evonik! particles.! ! Utilizing! a! similar!





removed/vapourized! during! the! TGA! analysis,! thus! the! change! in! our!




























that! the!chance!of! the!amine! function! from!APTES! interacting!with! the! titania! surface!





modified,! which! are! fairly! reproducible.! ! These! calculated! values! would! become!





This! chapter! served! as! the! first! chapter! to! present! findings! on! the!
anchoring/surface! modification! of! different! titania! surfaces.! ! In! this! respect,! the!
introduction!of!different!anchoring!groups!alongside!what!other!opportunities!exist!was!




! In! the! first! study!with! the!commercial!organophosphonic!acid!molecule,! it!was!
discovered!that!the!anchoring!of!the!phosphonic!group!functioned!fairly!similarly!to!the!
silane"based! anchors! in! terms! of! ability! to! bind! to! surface! morphology.! ! The! more!
porous! the! system,! the! lower! the! binding! density.! ! The! next! conclusion!was! that! the!
stability! of! the! organophosphonic! acid! (i.e.! C1"Initiator! and!C3"Initiator)! varied,! based!
off!the!length!of!carbon!units!between!the!phosphonic!acid!group,!and!the!ester!group.!!
This! point! of! degradation! was! evident! with! the! C1"initiator! when! analyzing! the! UV"
Visible! spectra! and! 1H! NMR! spectra! between! both! C1"Initiator! and! C3"Initiators! over!
time.! ! Continuing! the! study! with! the! C3"Initiator,! several! assumptions! were!made! to!
translate!TGA!graphs!into!information!that!could!help!us!to!calculate!a!grafting!density!
of!2.5!C3"Initiator!molecules!per!nm2!on!the!Evonik!particles.!










APTES! for! reverse! attachment! from! the! amine! group! interacting!with! the! titania!was!
roughly! 50%.! This! allowed! us! to! reduce! the! grafting! density! to! approximately! 8!
molecules!per!nm2;!still!a!much!higher!grafting!density!than!with!the!C3"Initiator.!
! From! this! chapter’s! studies,! the! results! clearly! indicate! that! modification! of!
titania! surfaces! with! different! chemical! groups! is! achieved,! and! that! further!
functionalization! is! possible.! ! These! tests! conducted! with! bifunctional! molecules!

































an! organic! component! –! namely! a! polymeric! layer! formed! on! the! surfaces! of! the!
inorganic!component.! !One!suitable! technique! is!atom"transfer! radical!polymerization,!
or!ATRP.!
ATRP! is! a! CRP! (controlled! radical! polymerization)! technique,! and! it! essentially!
enables! researchers! or! users! to! control! free! radical! polymerization! in! order! to! form!
polymers!of!the!same/similar!molecular!weight,!at!the!same!time.!!In!this!method,!the!
monomer! (or! macromonomer)! unit! must! contain! a! double! bond! that! is! vital! to! the!
reaction,! as! required! for! any! free! radical! polymerization.! ! Some! typical! examples! are!
shown!in!Figure!3"1.!
!




new! free! radical! from! the! newly! bonded!monomer! unit.! ! Although! this! method! was!
heavily! studied! in! the! 1980’s! using! control! agents,! there! still! exists! much! work! to!
improve! upon! the! control! of! polymer! growth.! ! It! is! important! to! note! that! although!
methods! like! cationic! and! anionic! polymerizations! came! about! during! this! period,166!
these!techniques!helped!us!to!understand!the!concept!of!group!transfer!polymerization;!
a!form!of!polymerization!where!the!initiator!(or!molecule!that!kick"starts!the!reaction)!





ATRP! is! a! form!of! free! radical! polymerization,! but! utilizes! a!metallic! transfer! agent! to!
slow! down! the! polymerization! for! better! control.! This! also! enabled! new,! complex!
structures! to!be! formed! including:! block! copolymers,! stars"shaped,! comb"shaped,! and!
brush"shaped! like! polymers! with! a! very! narrow! dispersity,! or! Đ;! formerly! known! as!
polydispersity!index!(PDI),!or!variation!of!polymer!size.166!This!ability!from!ATRP!is!fairly!
relevant! in! an! industrial! setting,! as! the! consistency! of! polymer! size,! depending! on! its!
application,!has!been!a!key!issue!with!free!radical!polymerization!techniques.!
Understanding! this! brief! history! and! the! simplistic! overview! of! how! ATRP!
functions,!this!chapter!will!present!a!brief!fundamental!look!at!the!ATRP!mechanism,!a!
literature!background!on!what!other! researchers!have!done! in! the!domain!of!surface"
initiated!ATRP! (si"ATRP),! along!with! the!approach! taken! in! this!project!of! synthesizing!




In! order! to! understand! the! theory! of! ATRP,! it! is! important! to! note! that! the!
method! is! still! a! form! of! free! radical! polymerization.! ! Hence,! ATRP! can! be! easily!






initiation! of! the! chain,! (iii)! chain! propagation,! (iv)! chain! transfer,! and! (v)! chain!





ligand!complex,!whilst! the! initiator! to!be!of!a!halide!nature! instead!of! the!dissociative!
nature!from!regular! free!radical!polymerization.! !This!complex!must!contain!a!metallic!
component!with!two!oxidation!states!(ex:!Cu+1!and!Cu+2)!in!order!to!allow!the!donation!
or!withdrawal! of! the! electron! responsible! for! the! propagating! end! of! the! free! radical!
chain!to!reversibly!terminate.184!The!initiator!is!required!to!be!a!halogen,!as!it!acts!as!the!


















intermediate!step! that!affects! the!growing!polymer!during! the!propagation!stage.!The!
propagation! step! will! then! slow! down! due! to! the! de"activation! of! the! free! radical!












The! Mw/Mn! represents! the! dispersity! (Đ),! a! factor! that! is! effected! by! the!
conversion! rate.! ! Note! that! as! the! conversion! increases,! the! resulting! variance! in!
polymer!size!is!reduced!to!a!value!close!to!1,!meaning!that!all!the!chains!have!the!same!
length/molecular! weight.! ! ! Figure! 3"5! also! indicates! that! the! average! weight! of! the!
growing! chain! increases! at! a! steady! rate! as! conversion! increases.! ! This! reinforces! the!










that( Keq( is( also( known( as( KATRP( as( it( represents( the( overall( kinetic( rate( of( ATRP.( ( Reprinted( with(
permission(from(Reference(186.(Copyright(1998(American(Chemical(Society.(




and! the! reversibly! terminated! polymer! chain! [PX].! ! In! addition,! all! free! radical!
polymerization! have! a! reaction! rate! in! the! form! of! Rate! =! K[M][P*],! where! K! is! the!
apparent! reaction! kinetics,! [M]! is! the! concentration! of! monomers! and! [P*]! is! the!
concentration! of! growing! chains.! ! Combining! both! equations! leads! us! to! the! results!
displayed! in!Figure!3"6! (Note:! the!equilibrium!kinetic!equation! is! rearranged!to! isolate!








free! radical! polymerization,! the!use!of!ATRP! in! industrial! processing! is! still! not!widely!
adopted.187! However,! more! recent! developments! have! resulted! in! the! formation! of!
startups! dealing! with! ATRP! for! industrial! applications,188! and! the! formation! of! a!
consortium!of!companies!formed!by!Dr.!Krzysztof!Matyjaszewski.189,190!The!biggest!issue!
with! industrial! adoption! lies! in! its! products! containing! trace! amounts! of! the! copper!
catalyst,!which!drives!up!costs,!causes!environmental!issues!and!issues!adopting!metal"
ridden!polymers! in!products.191!As!a!result,! the!current!target!of!ATRP!development! is!
not! only! characterizing! other! types! of! monomers! for! use! in! polymerization,! but! for!
researchers! to!work!on! reducing/eliminating! the!amount!of!metal! catalyst! in! the! final!
product.!!For!this!to!occur,!several!methods!have!been!developed!to!help!achieve!lower!
metal!usage!along!with!higher!chemical! stability.! !These!methods! include,!but!are!not!
limited!to,!AGET!ATRP,192,193!ARGET!ATRP,194!ICAR!ATRP,193!SARA!ATRP,189,195,196!(or!SET"
LRP,197,198! depending! on! the! perspective! of! the! researcher),! eATRP,199! and!metal"free!




The! most! logical! application! of! ATRP,! being! a! form! of! control! radical!
polymerization,! is! in! surface! modification.! From! the! seminal! paper! by! Wang! and!







field! that! continues! to! grow! and! find! applications! in! a! variety! of! fields,! ranging! from!
biological!screenings203!to!membrane!surfaces.24!!In!this!following!section,!we!will!briefly!








the! free! radical! end! of! the! growing! chain,! but!would! not! exist! in! sufficient! quantities!
without! a! sacrificial! initiator! used! to! control/regenerate! the! Cu+2! complex.!!
Matyjaszewski!et&al.!had!shown!in!1999!that!it!was!possible!to!develop!surface"initiated!
ATRP! without! the! need! for! an! untethered! initiator! to! control! the! polymer! film!
formation.127! This! method! was! achieved! via! addition! of! Cu+2! atoms,! as! described! in!
section!3.4.3!Oxidation!Level!of!Metal!Atoms.!!!
Since!then,!many!other!researchers!have!generally!used!one!of!these!methods!to!
perform! si"ATRP.! The! use! of! sacrificial! initiators! enable! easier! measurement! of! the!





radical! effect.205"207! However,! if! there! is! insufficient! free! initiator! in! solution,! the!
resulting!control!is!lost.!
3.4.2. Halide(Effect(
The!effect!of! the!halide!group! (i.e.!use!of!bromine!or! chlorine!atoms)! is!also!a!
factor! to! be! considered! in! the! mechanism! of! ATRP.!Matyjaszewski! and! coworkers! in!






rate( (or( apparent( rate(of( activation( in(ATRP(–( and( is( not( the(overall(ATRP( rate,( or(what( is( known(as(
KATRP).(Reprinted(with(permission(from(Reference(208.(Copyright(1997(American(Chemical(Society.(
As! illustrated,! the! kinetic! rate! appears! slightly! higher! with! CuBr! than! CuCl,!
indicating!that!bromine!leads!to!faster!reaction!rates.!!Additional!work!established!that!
the!bromine!based!halide!was!much!easier! at! starting/initiating! the! start!of! the!ATRP!
reaction,!but!chlorine!provided!a!better!controlled!reaction,!with!a! lower!dispersity.209!!









about! 200! minutes! of! reaction.! ! This! would! indicate! that! the! mixed! halide! system!
possesses!a!slightly!superior!live"ability,!with!a!better!control.!!
!
Figure( 3.9:( Thickness( dependance( on( the( polymerization( time( (of( aqueous(ATRP(on( PHEMA( films)( at(
room(temperature,(with(a)(varying(concentrations(of(CuBr2(with(CuBr/bpy(catalyst(and(b)using(a(mixed(





the! initiator! to! be! bromine"based,! and! to! use! chloride! (or! a!mixture! of! chloride! and!
bromide!based!halides)!for!the!copper!based!salts!to!form!the!catalyst.! !Particularly! in!
the! case! of! surface"initiated! systems,! one! should! consider! the! use! of! bromine"based!
initiators!from!the!surface,!as!the!reaction!would!be!easier!to!proceed.!Additionally,!the!
use! of! some! chlorine"based! halide! counter"ions!would! also! be! suggested,! in! order! to!
help!slow!down!any!fast!reactions,!and!thus!provide!greater!control.!
3.4.3. Oxidation(Level(of(Metal(Atoms(
The! metal! oxidation! level! is! an! important! parameter,! because! it! controls! the!
kinetics!of!propagation! in!ATRP!(as!seen!by!Keq! in!Figure!3"6).! !However,!with!surface"
initiated! polymerization! (SIP),! it! has! been! previously! shown! that! without! the! use! of!
sacrificial! initiators,! the! reaction! rate! is! uncontrolled.127,169! Therefore,! the! addition! of!
Cu+2! ions! directly! into! the!mixture! of! Cu+1! catalyst!mixture! is! required! to! ensure! the!
control! of! the! reaction!during! the! initiating! step,! thus!helps! to!prevent! the!persistent!
radical!effect,!as!illustrated!from!Figure!3"10.!
!
Figure( 3.10:( Thickness( correlation( to( time( for( si.ATRP( samples( made( on( silicon( substrates( by(
Matyjaszewski( and( coworkers.127( ( Filled( triangles( represents( the( thickness( for(Methyl(Acrylate( in( the(
presence(of( both( Cu+1( and(Cu+2,( filled( squares( and( circles( represents( the( thickness( for( Styrene( in( the(
presence(of(both(Cu+1(and(Cu+2,(and( the(empty(circle( represents( the(polymerization(of( styrene( in( the(
absence( of( Cu+2.( Reprinted(with( permission( from( Reference( 127.( Copyright( 1999( American( Chemical(
Society.(
! "!111!"!
The! resulting! plot! shows! how! the! addition! of! Cu+2! slows! down! the! rate! of!
polymerization.! In!the!case!of!styrene,!when!comparing!the!sample!with!0.05!mol%!of!
CuBr2!against!the!sample!without,!we!clearly!see!a!massive!difference!in!the!thickness!
observed! (i.e.! 110! nm! vs! 12! nm!without! Cu+2! and!with! Cu+2,! respectively).! This! point!
indicates!that!the!addition!of!CuBr2!resulted!in!a!slower!rate!of!polymer!layer!thickness!
formation,!as!noted!from!the!lower!slope!found!in!Figure!3"10.!The!use!of!1!mol%!CuBr!
alone! resulted! in!a!very! fast! reaction! rate! in! the!polymerization!and! film! formation!of!
polystyrene,!due!to!the!persistent!radical!effect!and!subsequent!lower!control.127!
! In! the! work! by! Huang! et& al.! in! 2002! (see! Figure! 3"9a),212! increasing! the!
concentration! in! CuBr2! gave! a! slightly! better! control! over! the! reaction! and! could!
terminate!the!reaction!much!later.!!This!result!reinforces!the!point!that!the!addition!of!a!





are!many! factors! that! influence! the! reaction,! ranging! from! temperature! to! the! ligand!







Figure( 3.11:( Plot( of( kact( with( respect( to( the( concentration( of( the( ligand( bpy/CuBr( complex( with( ( )(
acetonitrile((44%)(with(water,(( )(pure(acetonitrile,(and(( )(acetonitrile((41.5%)(with(chlorobenzene.213((
In( this( case,( we( see( the( trend( that( with( increasing( polarity( (water+acetonitrile( >( acetonitrile( >(
acetonitrile+chlorobenzene)( come( higher( activation( of( the( free( radical( species( in( ATRP.213( Reprinted(
with(permission(from(Reference(213.(Copyright(2003(American(Chemical(Society.(






shown!in!Equation!3"1:!!"# = !"#! + !"+ !"+ !!∗ + !(!!)!! Equation(3.1:(Kamlet.Taft(Expression(
where!XYZ!is!the!redox!potential,!!!is!the!solvent!hydrogen!bond!donor!ability,!!!is!the!
hydrogen! bond! acceptor! ability,! !∗ !is! the! polarizability! parameter! and! !! is! the!
Hildebrand! solubility! parameter,! which! measures! the! solvent"solvent! interactions!
interrupted!when!the!solute!forces!a!cavity!formation.!!!
This! equation! was! further! simplified,! via! regression! of! the! parameters! of! various!




kinetic! rate,! or! Keq,!with! respect! to! these! solvent!parameters.! ! The!application!of! this!




The( line( is( the( subsequent( expected( trend( from( the( plot( with( predicted( values( and( subsequently(
measured(values.((Note(that(the(measured(values(fall(fairly(well(into(the(general(trend(from(the(Kamlet.
Taft( relationship,( enabling( one( to( predict( the( subsequent( KATRP( value( possible.
214( Reprinted( with(
permission(from(Reference(214.(Copyright(2009(American(Chemical(Society.(
Figure! 3"12! shows! a! rather! good! agreement! between! the! predicted! values! and! the!
experimentally! observed! examples,! reinforcing! the! fact! that! higher! kinetic! values! are!





It! can! be! noted! that! while! polarity! can! be! an! important! factor! in! the!
determination! of! kinetic! rate,! and! that! higher! activation! occurs! with! more! polar!





effect! due! to! polarity! of! a! solvent! by! varying! the!methanol:water! ratio! on! a! si"ATRP!
reaction!of!2"(diethylamino)ethyl!methacrylate! (or!DEA).! !They! found!that!while!water!
provided! thick! polymer! films! compared! to!methanol,! the!mixture! of! solvent! provided!
even!thicker!films,!as!illustrated!in!Figure!3"13!and!Figure!3"14.!!Such!work!provided!the!
basis! that! the! more! polar! the! system,! the! thicker! the! film! when! dealing! with! single!
solvent! systems.! ! However,! these! results! show! that! a! simple! relationship! is! not! such!
straightforward.!For!example,!a!1:1!MeOH/H2O!mixture!yielded!a!thicker!polymer!layer!
than! when! using! pure! water! (Figure! 3"13).! ! In! another! case,! a! 4:1! ratio! resulted! in!
thicker!films!when!compared!to!a!2:1!ratio!(Figure!3"14).215!
!
Figure( 3.13:( Ellipsometry( measurements( of( thicknesses( obtained( from( si.ATRP( samples( of( DEA( (2.




Figure( 3.14:( Ellipsometry( measurements( of( thicknesses( obtained( from( si.ATRP( samples( of( DEA( (2.
(diethylamino)ethyl(methacrylate)(in(varying(volume(ratios(of(methanol((MeOH)(and(Water((H2O).((Film(













nonpolar! solvents.! They! follow! a! general! rule! where! the! KATRP! increases! with! more!
nitrogen! atoms! per!molecule! and! the! rate! decreases! the! longer! the! alkyl! groups! that!
separate!the!nitrogen!atoms.185,216!
! "!116!"!
! However,! these! rules! slightly! change! in! polar! solvents.! ! In! the! group! of!
Matyjaszewski,! Tsarevsky! et& al.! published! an! excellent! paper! in! 2007! on! the! electron!
transfer! reactions! found! in! ATRP.217! This! work! mentioned! that! polar! solvents!
(specifically!aqueous!systems)!could!cause!disproportionation!between!the!Cu+1!atoms!
to!form!Cu+2!and!Cu0.!!However,!depending!on!the!ligand!stability!constant!of!the!Cu"L!








As! the! graph! implies,! most! of! the! ligands! to! the! right! of! the! dotted! line! result! in!
disproportionation,! leaving! the! ligands! to! the! left! (i.e.! HMTETA,! or! 1,1,4,7,10,10"
Hexamethyltriethylenetetramine! and! TPMA,! or! Tris(2"pyridylmethyl)! amine)! to! be!
better!at!functioning!in!aqueous!and!polar!solvents.!
! "!117!"!
! While! considering! the! fact! that! si"ATRP! is! a! special! form! of! ATRP,! the! physics!
controlled! by! the! catalyst! should! not! vary! too! significantly.! !We! could! consider! both!
HMTETA!and!TPMA!ligands!for!their!use!in!si"ATRP!however,!there!exists!more!literature!
on!HMTETA,24,218,219! than!TPMA.220! ! For! instance,!Grajales!et&al.! showed!p(PEGMEMA)!
films! formed! on! the! surface! of! alumina! could! reach! up! to! 250! nm! within! 2! hours.24!
Bozukova! et& al.,! showed! that! the! use! of! HMTETA! on! si"ATRP!was!much! slower! in! an!
aqueous! solvent,! but! provided! a!much! better! dispersity.218! !More! recently,! Liu! et& al.!
showed! how! HMTETA! yielded! a! thicker! polymer! layer! than! PMDETA! (N,N,N’,N’’,N’’’"
Pentamethyldiethylenetriamine)! in! an! aqueous! solution.219! In! the! case! of! TPMA,!Qian!





As! Chapter! 2! investigated! the! modification! of! titania! particles! with! the! C3"
Initiator,!this!part!will!focus!on!the!study!of!the!surface"initiated!ATRP!process!for!these!
modified!particles.!!Recalling!the!information!in!Chapter!1,!ideal!gas!separation!for!CO2!





Figure( 3.17:( si.ATRP( mechanism( applied( for( this( work.( ( The( left( side( of( the( image( represents( the(
initiation(step,(where(the(alkyl(halide(is(activated(with(the(catalyst,(and(the(first(free(radical(is(formed.((
Subsequent( addition( of(monomers( (or( PEGMEMA,( polyethylene( glycol(methyl( ether(methacrylate,( in(
this( case)( allows( the( reaction( to( proceed( to( the( right( side( of( the(mechanism;(where( the( addition( of(




of! the! catalyst,! HMTETA! complexing! with! the! copper"halide,! a! system! that! has! been!
demonstrated!to!work!well!with!si"ATRP.24!The!use!of!Cu+2!and!Cu+1!mixture!is!necessary!
to!ensure! the! reaction! is!controlled.! ! In!addition,!as! the! reaction!can!be!quite!slow!to!













! ! CuCl! (>90%! purity,! Sigma! Aldrich),! CuBr2! (Sigma! Aldrich),! and! N,N"dimethyl!
formamide! (DMF,! Sigma! Aldrich)! were! used! as! received.! ! 1,1,4,7,10,10"Hexamethyl!







gently! dispersing! 7.15! g! PEGMEMA! into! 45! mL! DI! water.! The! resulting! mixture! was!
slowly!rocked!back!and!forth!for!one!minute!to!mix,!and!the!resulting!mixture!was!then!
stored!at!4°C!until! required! for!use,!at!which!point!was! subjected! to!a!3"cycle! freeze"
pump"thaw!degasing!cycle!before!use.!!!
! ! Higher!concentrations!were!also!prepared!in!a!similar!manner,!with!the!help!of!
the!following!equation!!"##!"#$"$% ! = ! "#$%&'(! ! !!!"#$%&!"#$% ! ! !! "#$%! "##!"#$"$%! ! !"# !
Which!eventually!becomes!(if!we!assume!the!volume!is!25!mL):!!"##!"#$"$% ! = ! "#$%&'(! ! !!0.025! ! !!475 ! !"# !!"##!"#$"$% ! = !!!.!"#! ! ∙ ! !"# !"#$%&'(! ! (
With!the!total!volume!of!DI!water!to!add!as:!
!"#$%&!"! "#$% !" = !!"#$%&!"#$% !" − !"##!"#$"$% !!"#$%&'!"#$"$% ! !" !
! "!120!"!
As!the!density!is!1.08!g/mL!and!assuming!the!total!volume!remains!as!25!mL,!then:!





! ! Following! the! work! prepared! by! Grajales! et& al.,24! 30! mL! of! N,N"











0.09! M)).! ! This! was! achieved! using! a! glass! neck! that! was! able! to! mix! both! volumes!
together! without! exposure! to! oxygen.! ! The! mixture! was! stirred! for! several! minutes!
before! use.! ! In!many! cases,! the! target! sample! (either! flat! titania! substrate! or! the! CTI!
porous!supports)!were!directly!added!into!the!polymerization!mixture!and!left!to!react!
for! 24! hours! (unless! specified! for! a! shorter! period,! as! was!mentioned! in! Chapter! 3).!!







3"cycle! freeze"pump"thaw! process! in! a! round! bottom! flask.! ! Afterwards,! a! glass! neck!
with!a!flow!of!nitrogen!is!attached!to!introduce!the!polymerization!mixture!to!start!the!
reaction!(normally!left!to!run!for!24!hours,!or!more).!!!
! ! There! were! several! cases! that! scaling! up! the! quantity! was! used! to! produce! a!
stock!solution!of!hybrid!particles.!!In!this!case,!the!macromonomer:catalyst!mixture!was!
left! at! 9:1,! but! totaled! a! volume! of! 100! mL.! ! Using! 10! mL! of! the! Evonik! particle!






The! modified! particles! (Evonik! particles)! and! surfaces! (Flat! Titania! Substrates)!
obtained! in! Chapter! 2,! were! immersed! into! a! mixture! of! the! ATRP! catalyst! and!
macromonomer! mixture! to! produce! the! hybrid! structures.! ! The! mixture! of! the!
macromonomer!was!set!primarily!at!0.27!M,!with!a!concentration!of!0.6!mM!CuBr2,!2.0!
mM! CuCl! and! 6.0! mM! HMTETA! (or! excess! ligand).! Polymerization! was! set! at! room!
temperature! for! various! amount! of! time.! Our! first! objective! was! to! ensure! that! the!
functionalized!surfaces!could!be!polymerized!with!ease.!Various!analyses!allowed!us!to!







In! the! first!validation!step,!we!studied! the!growth!of! the!particles!grafted!with!
the! initiator.! Upon! polymerization,! the! particle! were! checked! via! DLS! (Dynamic! Light!
Scattering).! The! presence! of! polymer! was! verified! by! XPS! (X"Ray! Photoelectron!
Spectroscopy)!and!we!deduced!the!total!amount!of!polymer!by!TGA!(Thermogravimetric!
Analysis).! All! hybrid! particles! used! in! this! study! were! carefully! washed! after!




! ! As! a! result! of! our! previous! studies! on! the! initiator! grafting,! we! explored! the!
effectiveness! of! polymerization! with! the! C3"Initiators! grafted! onto! Evonik! particles.!
Dynamic! light! scattering!was! used! as! a!means! to! confirm! that! the! grafted!molecules!
could! initiate! polymer! growth,! as! to! determine! the! particle! growth! rate! during! the!
reaction.!!The!functionalized!Evonik!Particles!were!polymerized!in!a!solution!of!0.27!M!
macromonomer!(PEGMEMA)!to!form!the!polymeric!hybrid!core"shell!structure.!Samples!
were! collected! at! varying! polymerization! time! intervals! from! the! same! solution.! The!
system! converts! fluctuations! of! intensity! into! an! auto"correlation! function,! which!
changes! over! time.! The! collected! data! is! reported! in! Figure! 3"18a! as! a! Y/Ln(X)!
representation.!All!parameters!being!equal,!a!shift!of!the!curve!slope!to!the!right!reveals!
a! size! increase! (which! is! observed! in! these! results)! at! least! for! the! first! minutes! of!










decay! of! these! autocorrelation! functions,! as! a! function! of! time,! translates! in! a!
concomitant!increasing!hydrodynamic!diameter,!which!is!quantified!in!the!size!evolution!






aggregate! into! larger! clusters! (as! noted!by! the!DLS! results).!We! carried!out! the! same!
study! with! TiO2! Sigma! particles! (mentioned! briefly! in! Chapter! 2),! but! the! results,!
reported!elsewhere,!were!not!as!conclusive.223!
! Most!of! the!experiments!were!performed!with!a! final!concentration!of!0.27!M!
macromonomer.!We!also!studied!if!a!change!in!concentration!could!yield!a!slight!change!




Figure( 3.19:( Resulting( particle( size( over( time( for( the( Evonik( particles( grafted( with( C3.Initiator,( and(
growing(with(addition(of(the(PEGMEMA(macromonomer(mixture((with(catalyst).((Note(that(the(change(
in(concentration(results(in(different(stable(particle(sizes.(





the! 0.45! M! sample).! ! This! continued! increase! of! solvent! viscosity! led! to! increasing!
difficulty! for! the! stir"bar! to! function,!which!could!have!hampered! the!homogeneity!of!




DLS( helped( to( confirm( polymeric( growth( stemming( from( the( Evonik( particles,(











Table( 3.1:( XPS( results( for( Evonik( particles( evolution( from( functionalization( with( C3.Initiator( to(
subsequent(polymerization.(
Element( Evonik.Blank( Evonik(+(C3.Initiator( Evonik(+(p(PEGMEMA)(
Br3p3! "! 0.41%! "!
P2p! "! 3.59%! "!
C1s! 21.39%! 27.37%! 71.07%!
N1s! 1.04%! 0.45%! "!
Ti2p! 21.64%! 17.40%! "!
O1s! 53.40%! 49.04%! 23.96%!
!
The!results!here!indicate!that!the!surfaces!of!the!Evonik!particles!are!evenly!coated!with!
a!polymeric! layer,! as!phosphorous!and! titanium!elements!are!no! longer! visible! in! this!
surface!probing!technique.!!Additionally,!the!bromine!signal!has!disappeared,!which!can!





We!used! TGA! to! obtain! a! rough! estimate! on! the! degree! of! polymerization! via!
mass! loss! of! the! hybrid! particles! when! compared! to! the! pure/unmodified! Evonik!
particles.! From! this! method,! and! taking! our! previously! reported! result! of! 2.55! C3"




Figure( 3.20:( TGA( mass( loss( of( TiO2.g.p(PEGMEMA)( sample( (post( polymerization( of( Evonik( particles(
modified(with(C3.Initiator).((The(subsequent(mass(loss(was(used(to(calculate(the(subsequent(degree(of(
polymerization(of(the(particles.(




2).! The! remaining! mass! after! the! TGA! cycle! is! solely! due! to! the! Evonik!
particles!themselves.!
3).! Due! to! the! lower!mass!of! the! initiator!component,!we!can!assume!that!










!"#$%!!"#$%&'!!"#$ = 3.14!10!!" !"##!!"#$%&%&'!"#!!!"#!5.24!10!!" !10!"!
• Where!the!total!surface!area!is!in!units!of!nm2!
! "!127!"!
B).( Total(Moles(of(Initiators(Calculation:(!"#$%! "#$%!!"!!"#$#%$&'( = !"#$%!!"#$%&'!!"#$!!!2.556.022!10!" !
C).( Moles(of(Monomers:(!"#$%!!"! "#"$%&' = !!"##!!"##!!"!!"#$%&'500 !










With! our! assumptions! in! mind,! these! results! led! us! to! conclude! that! the! degree! of!
polymerization! for! the! core"shell! titania! particles! should! be! around! 1,200! (if! all! the!
unreacted! macromonomer! were! assumed! to! be! removed).! ! Taking! this! value,! the!
hypothetical! conversion! can! be! calculated! and! used! to! determine! how! much! of! the!













! 1).( Calculation(of(the(Initiator(used((in(moles):(!"#$%!!!!"#$#%$&' = !0.0122!!"##!"#$%!!"#!!!!!!!!!"#$#%$&'! "#$208!!/!"# !
• The!208!g/mol!is!the!molecular!mass!of!the!C3"Initiator!group!that!is!
! degraded!
• !"##!"#$%!!"#!!!!!!!!!"#$#%$&'! "#$ !is!in!units!of!“g”!
!
2).( Ideal(Degree(of(Polymerization((if(all(monomers(are(consumed):(


















!While! these! hybrid! particles! were! characterized! to! determine! their! properties,! their!










structures! can! be! formed! using! si"ATRP.! ! ! Unlike! titania! nanoparticles! used! in! the!
previous! sections,! the! geometry! of! flat! supports! allows! us! to! characterize! the!
polymerization! reaction!when! applied! on! a! simple! 2D! geometry!with! a! unidirectional!
growth!(or!growth!perpendicular!to!the!surface).!In!addition!to!other!techniques!already!








Table( 3.5:( XPS( results( for( Flat( Titania( surfaces( from( functionalization(with( C3.Initiator( to( subsequent(
polymerization(
Element( Flat(Titania.(Blank( Flat(Titania(+(C3.Initiator( Flat(Titania(+(p(PEGMEMA)(
Br3p3! "! 0.13%! "!
P2p! 0.22%! 2.86%! 0.41%!
C1s! 17.60%! 22.30%! 71.27%!
N1s! 0.19%! 1.80%! 0.13%!
Ti2p! 23.30%! 20.10%! 0.34%!
O1s! 53.80%! 52.20%! 27.01%!
!













! SEM!was! further!utilized! to!observe! the! film! formation!on! the! surface.! ! In! this!




do! observe! the! formation! of! a! polymer! veil! coating! the! ceramic! surface,! with! a!
concomitant! reduction! of! the! surface! roughness.! This! helps! to! further! confirm! and!









B,( and( C( for( 5( min,( 15( min( and( 30( min,( respectively.( ( Images( D,( E,( and( F( were( exposed( to( 0.27M(
macromonomer( for( 5(min,( 15(min( and( 30(min( respectively( as( well.( Reproduced( from( Ref.( 223(with(





non"uniform! layers! formed,! the! decision! was! to! attempt! a! higher! concentration! of!
macromonomer,!in!the!area!of!0.67M,!to!be!certain!that!the!reaction!could!proceeded!
! "!132!"!
further! (from! the! additional!macromonomer! reagents),! and! attempt! to! obtain! a! thick!
enough!film!that!could!fully!cover!the!surface.!
The!resulting!change! in!concentration!
of! macromonomer! (or! increase! to!
0.67M)! can! be! found! in! Figure! 3"22.!!
These! images!clearly!show!that!as!we!
have!nearly!tripled!our!concentration,!
very! nice! and! dense! polymer! films!
could! be! obtained! on! these! surfaces.!!
Of! particular! interest! is! Figure! 3"22b!
and! Figure! 3"22c! as! they! both!
illustrate!that!the!dense!film!formed!is!
a! unique! layer! that! differs! from! the!
flat! titania! surface.! ! In! this,! the!
structure! provides! us! with! the!
knowledge! and! confirmation! that! the!
reaction!works!and!can!form!a!hybrid"
coated!system.!
! Looking! back! into! literature,!
we! can! re"examine! the! work! by!
Grajales!et&al.,!which!had!been!briefly!
presented!earlier.24!This!work!showed!
that! it! was! possible! to! create! thin!
layers! of! amorphous! polymer!
containing! Polyethylene! Glycol! (PEG)!
on! model! surfaces! (such! as! gold!
coated! anodized! alumina),! and! that!
these! films! were! very! good! at!
separating! carbon"dioxide! because! of!
Figure( 3.22:( SEM( images( obtained( with( a( flat( titania(
substrate( grafted( and(exposed( to(a(0.67(M( solution(of(
PEGMEMA( for( 1( hour:( a)( Flat( titania( surface/Polymer(
interface,( b)( polymer( carpet( topography( and( c)( side(
view( of( Flat( titania( surface/polymer( interface.(




their! limited! thickness,!which! reduced! the! gas! diffusion! barrier.24! However,! switching!
from! limited!model! surfaces! to! actual! industrial! supports! remains! a!major! challenge.!
Our!present!study!with!flat!titania!supports!confirm!that!a!PEG"based!polymer!can!grow!
from! a! grafted! surface,! but! achieving! a! uniform! polymer! film! remained! a! challenge,!
despite! multiple! trials.! However,! control! of! thickness! still! remained! an! area! that!
required! more! studies.! ! Therefore,! the! combined! knowledge! obtained! with! grafted!
particles! and! substrate! allowed! us! to! define! the! protocol! for! the! fabrication! of! our!






and! subsequently! si"ATRP.! ! From! the! literature! presented,! the! best! operational!






only! confirmed! the! reaction! proceeded,! but! also! observations! of! a! folded! carpet"like!








Surface.initiated( Ring.Opening( Metathesis( Polymerization( of(
















Previous! chapters! focused! heavily! on! the! fundamentals! and! background! on!
different! components! of! this! project;! varying! from! the! different! types! and! forms! of!
membranes! used! in! separation,! to! surface! modification! of! inorganic! oxides,! and! the!
application! of! one! polymerization! technique! (i.e.! si"ATRP).! ! In! this! chapter,! we! will!
continue! this! polymeric! study!with! a!different! form!of! polymerization! known!as!Ring"
Opening!Metathesis!Polymerization,!or!ROMP.!!!
! ROMP! has! been! known! as! a! relative!
success! story! in! polymerization.! ! With! the!
discovery!of! olefin!metathesis! in! the!mid!1950’s,!
the! mechanism! captivated! researchers! trying! to!
explain! this! unknown! reaction.! ! Various!
researchers! proposed! different! theorized!
mechanisms,! such! as! the! mechanism! by! Banks!
and! Baileys,225! which! was! experimentally!
supported! by! the! work! by! Calderon! et# al.226!!
However,! it! was! Hérrison! and! Chauvin! in! 1971!
that!was! able! to! propose! the! currently! accepted!
mechanism!of!the!metal"carbene!being!the!active!
center,227,228!which!was!later!supported!by!Katz,229!
Grubbs230,231! and! Schrock231,232! due! to! their!
improved! stable! metal! carbene/alkylidene!
compounds.! !This!knowledge!eventually!enabled!
many! researchers! to! optimize! their! metal!
carbene/alkylidene! systems! to! improve! the!
metathesis! reaction.! ! For! instance,! this! work!
directly! led! to! the! development! of! a! variety!
catalyst,! including! the! Schrock! catalysts! or! the! more! famous! Grubbs! catalyst! (3!
Figure( 4.1:( Timeline( of( events( for(
metathesis( of( olefins( and( subsequent(
development( of( the( Grubbs( and( Schrock(
Catalyst.224( Reprinted( with( permission(









As! the! direction! of! this! chapter! is! for! the! study! of! surface"initiated! ROMP! (si"
ROMP),!the!general!fundamentals!of!ROMP!will!first!be!presented,!followed!by!existing!
methods!and!examples!of! si"ROMP! found! in! literature.! ! The!mechanism/experimental!
design! for! studying! si"ROMP! will! then! be! presented! on! different! titania! surfaces!




As! the! work! within! the! domain! of! ROMP! has! been! long! established,! we! will!
briefly! go! through! the!mechanisms! for! this! reaction.! ! In!many!ways,! the!behaviour!of!
ROMP! can! be! controlled,! leaving! this! technique! to! be! counted! as! a! “living”!




backbone( .( a( unique( characteristic( of( this( reaction.235( In( addition,( the( reaction( is( in( equilibrium( .(
favouring(the(polymer(formation.((
The! reaction! shows! the! general!mechanism! of! ROMP,! complete!with! the! equilibrium!
between!the!strained!olefin!reagent,!and!the!growing!polymer!chain.!!This!equilibrium!is!









found! in! the! strained! olefin! and! eventually! reconfigure! the!monomer! to! become! the!
initiating!unit!in!ROMP!(some!examples!of!these!metal!complexes!can!be!found!in!Figure!
4"4).! !The!speed,!or! rate,!at!which! this!occurs!can!be!represented!as!Ki! (or! the!kinetic!
rate!of! initiation).! Subsequently,! the!propagation! step!behaves! in! a! similar!manner! in!
which!the!metal!carbene/alkylidene!group!can! form!a!similar! interaction!with!another!
monomer! unit! to! add! each! unit! to! the! growing! chain.! ! This! kinetic! rate! can! also! be!
represented!as!Kp.! ! It!should!be!also!noted!that!while!the!value!of!Ki! is!determined!by!
the! type! of! initiator! (i.e.! G1,! G2! etc..),! Kp! is! determined! partially! by! the! monomer!
reactivity!to!the!metal!carbene/alkylidene!group.!Termination!of!the!system!is!generally!
conducted! via! the! introduction! of! a! double! bonded! molecule! that! can! cap! the! end!
terminus!of! the!molecule!and!consequently!“steal”! the!metal!group!from!the!polymer!
chain.!!!






to! produce! a! living! polymer! as! opposed! to! a! non"controlled! system.! ! Each! unique!
initiator! will! determine! the! subsequent! control! of! the! system! via! the! metal!
carbene/alkylidene! structure,! such! as! Grubbs! Ruthenium! initiators! or! Schrock!
Molybdenum!initiators,!as!shown!in!Figure!4"4.!
!
Figure( 4.4:( Different( ROMP( initiators( available( for( use.( ( The( application( of( each( initiator( presented(
above(yield(different(rates(of(control.((The(“G”(series(represent(Grubbs(initiator,(and(the(Molybdenum(
alkydiene( on( the( right( is( an( example( of( a( Schrock( initiator.234( NOTE:( the( “small”( and( “large”( sign(
represents(the(relative(bulkiness(of(the(attached(alkylidene(groups(in(the(region.((((
Understanding!the!different!initiators!here!can!help!to!determine!their!specific!use!and!
applications.! ! For! instance,! if! we! look! at! the! kinetic! rates! of! G1! (or! the! Grubbs! first!
generation!initiator),!we!can!see!that!it!follows!the!standard!parameters!for!a!controlled!
polymerization! (i.e.! Ki! >! Kp).236,237! However,! G2! (or! the! Grubbs! second! generation!
initiator)!does!not!appear!to!yield!the!same! level!of!control! (Ki!<!Kp),!even!though!the!
structure! (due! to! the!N"heterocyclic! ligand! above)! results! in! a!more! active! and! faster!
polymerization.238! In! what! some! researchers! have! dubbed! Grubbs! third! generation!
initiator,!the!G3!initiators!appear!to!proceed!in!a!controlled!manner,!but!also!at!a!much!
faster! rate.239! In! this!case,! the! fast! rate!of! initiation!and!rate!of!propagation!has!been!
shown! to! be! an! excellent!method! for! the! formation! of! block! copolymers.240"242! If! we!
consider!the!Schrock!initiator,!it!has!been!shown!to!control!specific!architecture!of!the!
growing! polymer,! specifically! forming! a! syndiotatic! structure! in! the! polymeric!
chain.243,244!!!
! "!139!"!
! Comparing! the! different! initiators,! it! should! also! be! noted! that! while! each!
presented!initiator!has!their!merits!and!drawbacks,!the!conditions!for!use!should!also!be!
briefly! touched! upon.! ! With! Schrock! based! initiators! and! G3! initiators,! their! air! and!
water! tolerance! is! low.234! However,! G1! and! G2! initiators! are! more! air! and! water!







of! si"ROMP,!a!brief!overview!will! be!presented!with! several! examples!with! respect! to!
inorganic!surfaces.!
Perhaps! the! first!example!of! si"ROMP!can!be! found!early!on! in!1999,! from!the!
work!by!Watson!et#al.! ! In! this!work,! the! researchers!modified!gold!nanoparticles!with!
alkene"thiols! along! with! a! norbornenyl! functionalized! alkene"thiol! and! subsequently!
formed! hybrid! particles,! including! a! double! polymer! shell! with! varying! monomers!












coated! with! a! dodecanethiol! monolayer,! the! norbornenyl"terminated! molecule! was!
inserted!from!the!domain!boundaries!between!the!dodecanethiol!layer.!Afterwards,!the!
work! by! Bao! and! Grubbs! (published! by! Rutenberg! et# al.)! demonstrated! that! it! was!
possible!to!perform!si"ROMP!without!the!dodecanethiol! layer!on!the!flat!gold!surface.!!





researchers! here! specifically! mention! that! the! previous! method! through!
functionalization! of! gold! surfaces! with! the! norbornenyl! group! after! coating! with! a!
dodecanethiol!monolayer!yields!extremely!low!levels!of!polymer!film.249!The!previously!
mentioned! paper! by! Rutenberg! et# al.! also! applied! the! coating! technique! of! silane!
modified! norbornenyl! groups! to! functionalize! a! silicon! surface! and! was! eventually!





that! Buchmeiser! and! his! group! developed! in! 2000.! ! Buchmeiser!et# al.! dived! into! two!





subsequently! enabled! Buchmeiser! and! his! group! to! develop! monolithic! supports! for!
particle!separation!and!catalysis.252,254!
Considering! the!use!of! titania!substrates,! literature!has!yielded!very! few!works!
published!with! any! si"ROMP! based! routes.! ! In! the! group! of! Dr.! Feng! Zhou,! one!work!
published!by!Ye!et#al.! in!2010!did!however!show!that!it!was!possible!with!the!use!of!a!
catechol!based!anchor!that!was!bonded!(via!peptide!bond)!to!a!carboxylic!functionalized!
norbornene!molecule,139! as! shown! in! Figure! 4"6.! ! In! a! later! publication! by! the! same!
group! (by! Yan! et# al.! in! 2013),! the! group! applied! the! same! technique! to! form! p"n!







that! has! not! been! developed! as! much! as! its! silica! or! gold! surface! counterparts! –!










The! direct! application! of! this!method! of! grafting!was! used! to! create! a! pH! responsive!





From! the!briefly! presented!background!on!ROMP!and! si"ROMP,! it! is! clear! that!





Figure( 4.8:( Design( pathway( to( be( explored( in( this( Chapter.( ( Left:( Titania( surfaces( explored,( which(




CTI( porous( tube( pathway,( the( use( of( the( Grubbs( 1st( generation( initiator( is( deployed,( alongside(
norbornene(to(form(hybrid(structures.(
In!both!pathways,!the!functionalized!surfaces!with!APTES!are!reacted!with!a!synthesized!



















! Ethylene! Oxide! (EO)! (>99.5%,! Aldrich),! NaH! (60%! in! mineral! oil,! Aldrich),! 5"
norbornene"2"methanol! (98%;! mixture! of! both! endo! and! exo;! Aldrich),! 2"bromoethyl!
acetate!(97%,!Aldrich),!Sodium!Sulphate!(99%,!Sigma!Aldrich),!and!Norbornylene!(99%,!
Aldrich)!were! ordered! from!Aldrich! and!used! as! received.! Sodium! cubes! (99.9%! trace!
metal! in! mineral! oil,! Sigma! Aldrich),! heptane! (99%,! Sigma! Aldrich),! dichloromethane!
(>99.8%,! Sigma! Aldrich),! 1,4"dioxane! (99.8%,! Sigma! Aldrich),! HCl! (Sigma! Aldrich),!












! The! synthesis! of! NB"PEO"COOH! proceeds! in! a! similar! fashion! as! which! was!
described! by! Pichavant!et# al.! (2011).124! In! this! procedure,! anionic! polymerization!was!
performed! in! order! to! synthesize! the! bulk! of! the!macromonomer.! ! To! start,! gaseous!
ethylene! oxide! (EO)! is! pumped! into! a! fully! sealed! glass! apparatus! (1! L! round! bottom!
flask)! that! has! been! flamed! 3! times!with! a! stir! bar! and! freshly! cut! sodium! (0.5! cm! x!
0.5cm! x! 0.5cm! pieces! of! about! 10"20! pieces).! ! In! a! D"ware! container,! ethanol! is! cool!
down!to!"30˚C!(using!liquid!nitrogen)!and!used!to!cool!the!round!bottom!flask.!!The!EO!
gas! is! introduced!into!the!round!bottom!flask,!and!left!to!condense!until!the! liquid!EO!
just!reaches!above!the!stir!bar.!
! !
! After! the! EO! canister! is! closed! and! disconnected! from! the! round! bottom! flask!
(Note:! leave! the! connection! tube! inside! the! fumehood! for! at! least! 20!minutes!before!
removal),!the!mixture!of!EO!with!sodium!was!left!to!stir!for!2!hours!(temperature:!"30˚C!
"! "15˚C).! ! The!EO!+! sodium!mixture!was! then! cyrodistilled! into!another! round!bottom!
flask!that!had!an!extension!that!could!measure!volume!in!order!to!recover!the!pure!EO!
(roughly!27!mL!was!collected;!0.541!mol).!






! Mixture!was! then!deactivated!with! the! addition! of!methanoic! acid! (5!mL)! and!
left!to!stir!for!20!minutes.!!Mixture!was!then!precipitated!in!diethylether!(dropwise)!at!
WARNING:(Ethylene(Oxide((EO)(is(a(flammable,(compressed(gas(that(can(sterilize(





DCM! and! filtrated! over! Celite! (to! remove! DPMK).! ! The! collected! eluent! was! then!
rotovaped!to!remove!most!of!the!DCM,!then!redissolved!in!THF!to!be!re"preciptated!in!
diethylether! (0˚C).! ! The! collected! perciptate! was! filtrated,! collected,! vacuumed! for!
another! 2! hours! before! redissolving! in! 1,4"dioxane! (10!mL)! and! lyophilized! overnight.!!!





NB"PEO"OH)!was!weighted! in!a!disposable!vial!and!dispersed! in!heptane!(10!mL).! !The!
mixture! was! then! filtered! and! washed! with! more! heptane! until! a! white! powder! is!
obtained.! ! The! powder! is! quickly! transferred! to! a! round! bottom! flask! connected! to! a!
condenser.!!Cyrodistilled!THF!(15!mL)!is!then!added!to!dissolve/disperse!the!NaH!white!
powder.!!Continuous!nitrogen!flow!is!then!added!into!the!system!while!a!solution!of!NB"
PEO"OH! (7.04!g)! is!mixed!with! cyrodistilled!THF! (40!mL)!and!added!dropwise! into! the!
stirring!NaH+THF.!!After!the!bubbling!has!subsided,!the!nitrogen!flow!was!stopped!and!
left!to!stir!for!another!90!minutes.!!2"bromoethyl!acetate!(1!mL)!was!then!syringed!into!




then!redispersed! in!DCM!(20!mL).! !Sodium!Sulphate! (4"5!scoops)!was!added!slowly! to!
this! mixture,! stirred! and! then! filtered.! ! The! collected! eluent! solution! of! DCM! +!
macromonomer!is!then!rotovaped!again,!precipitated!in!diethylether!(0˚C)!and!filtrated.!!







using! a! rotovap.! ! The! new! fully! functionalized! NB"PEO"COOH! is! redispersed! in! DCM!
(stirred! for!2!hours)!and!sodium!sulphate!was!added! to! remove!any! remaining!water.!!
The!mixture! is! then! filtered! and! the! collected! eluent! is! concentrated! to! 20!mL.! ! Cold!
diethylether! (0˚C)! is! then!used!to!precipitate!the!mixture,!and!the!collected!powder! is!
dried! under! vacuum! for! 1! hour.! ! 1,4"dioxane! (~40! mL)! is! then! added! to! the! round!





useful.! As! a! result,! this! was! the! ideal! method! of! characterizing! the! growth! and!
functionalization!of!the!macromonomer.!!Note!that!the!macromonomer!is!composed!of!
3! portions! –! the! ROMP! capable! functionality! provided! by! the! norbornenyl! group,! the!
PEG! chain! for! CO2! selectivity,! and! the! carboxylic! acid! group! that! can! form! the! amide!
bond!with!the!surface.!!The!measurement!after!reacting!5"norbornene"2"methanol!with!
ethylene!oxide!through!anionic!ring"opening!polymerization!can!be!seen! in!Figure!4"9.!!
Although! the! reaction! occurs! with! a! variety! of! different! steps,! we! can! note! that! the!
subsequent!groups!highlighted!from!the!figure!show!how!each!hydrogen!component!is!










From! the! previously! presented! 1H! NMR! spectra,! we! can! conclude! that! the!
reaction! has! been! achieved.! ! In! this! case,! the! target! molecular! weight! for! the!
macromonomer! was! roughly! 3500! g/mol.! ! In! order! to! determine! this! point,! we! can!
compare! the! different! integration! values! for! the! peaks! for! each! group! (with! the!
norbornenyl!group!set!at!a!value!of!2.0).!!The!values!can!be!found!in!Table!4"1!below.!
Table( 4.1:( Integration( values( found( for( the( synthesized( macromonomer.( ( Similar( to( Figure( 4.9,( the(
components(are:(A)(NB.PEO.OH(B)(NB.PEO.COCH2CH3(and(C)(NB.PEO.COOH.((The(target(values(are(the(
ideal(values(for(~75(repeating(units.(
Sample( Target( A( B( C(
Norbornenyl!Group:!Double!Bond!"!5.8"6.1!ppm! 2.0! 2.0! 2.0! 2.0!
PEG!Group!"!~3.6!ppm! 300! 298! 301.7! 323.3!
Between!Carboxylic!Acid!and!Ester!Group"!4.2!ppm! 2.0*! "! "! 1.48!
*! The! values! here! are! meant! for! the! final! product! C).! in! order! to! calculate! the! final! yield! of! functionalized!





group!around!4.24!ppm)!were!good!markers! for! following! the! functionalization!of! the!
macromonomer,! these! key! peaks! were! integrated! to! determine! the! overall!
functionalization!and!the!subsequent!molecular!mass.!!!The!functionalization!of!NB"PEO"
! "!149!"!
OH! to!NB"PEO"COOH!yielded!about!74%,!or!74%!of! the! final!product!had!a!carboxylic!
acid! group! for! use.! ! In! the! case! of! molecular! mass,! we! can! easily! calculate! each!
macromonomer!by!following!some!rules:!
• Taking! the!PEG!Group! integration! value,! divide! this! value!by! 4! (representing! 4!
hydrogen!atoms!per!repeating!unit)!and!multiplying!this!value!by!44!g/mol!
• Adding! the! end! group! molecular! weight! (i.e.! NB"PEO"OH! ends! in! –OH,! thus!




These! rules!ultimately! resulted! in!calculating! the!macromonomers! to!be! in! the!
range! of! 3500! g/mol! to! 4000! g/mol! (specifically,! NB"PEO"OH! =! 3422g/mol,! NB"PEO"
COCH2CH3! =! 3517! g/mol,! and! NB"PEO"COOH! =! 3743! g/mol).! ! In! this! case,! the! final!
product! NB"PEO"COOH! can! be! roughly! taken! as! 3740! g/mol! (and! used! for! future!
calculations!as!such).!
!




! Grubbs! 1st! Generation! Initiator! (Aldrich),! Norbornylene! (99%,! Aldrich),! and! N"
hydroxysuccinimide! (NHS)! (98%,! Aldrich)! were! ordered! from! Aldrich! and! used! as!
received.!DMF!(anhydrous!99.8%,!Sigma"Aldrich)!and!dichloromethane!(>99.8%,!Sigma!
Aldrich)!were!used!without!further!processing.!1,3"dicyclohexylcarbodiimide!(DCC)!(Alfa)!
was! purchases! and! used! as! received! from! Alfa! Aesar.! The! water! used! in! these!
experiments!was!18!MΩ!Ultra!pure!DI!water!(Millipore!system).!
1H(NMR(helped(determine(that(the(functionalized(macromonomer(NB.PEO.COOH,(
or( α.norbornenyl.ω.carboxylic( acid( poly(ethylene( oxide),( had( a( molecular( mass(
around(3740(g/mol.(
! "!150!"!
4.6.2. Functionalization( of( Titania( Porous( Substrates(
(CTI)(with(NB.PEO.COOH(
!























10!minutes.! ! In!another! vial,!Grubbs!1st!Generation! Initiator! (0.022!g)!was!added! to!a!











! To! prepare! the! 0.3! M! norbornene! (NB)! monomer! solution,! NB! (1.22! g)! was!
dissolved!in!DCM!(40!mL)!and!syringed!into!a!500!mL!flamed!round!bottom!flask.!!A!3"













As! the! CTI! porous! tubes! are! the! final! target! supports! for! use,! the! efforts! to!
directly! functionalize! these! surfaces! were! also! attempted.! ! From! Chapter! 2,! the!
functionalization!with!APTES!on!the!CTI!porous!tubes!was!shown!to!be!low.!!However,!
! "!152!"!
to! fully! compare! CTI! porous! tubes! and! the! Evonik! particles,! functionalization! of! the!
APTES!with!the!macromonomer,!activation!with!the!Grubbs!1st!generation!initiator!and!
polymerization!with!norbornene!was!first!studied!on!the!CTI!porous!tubes!to!verify!that!




















Al2p( 8.56%! 8.78%! "! 5.43%! 4.47%!
Si2p( 1.49%! 3.25%! "! 5.99%! 5.61%!
P2p( 3.47%! 3.14%! "! 1.07%! "!
Zr3d( "! "! "! "! "!
Cl2p( "! "! "! 0.62%! "!
C1s( 24.85%! 25.61%! 81.60%! 52.67%! 73.46%!
K2p3( "! "! "! 0.25%! 0.49%!
Ca2p( 0.36%! 0.37%! "! 0.43%! "!
N1s( 0.71%! 1.45%! 9.78%! 0.88%! 0.62%!
Ti2p( 11.86%! 10.99%! 0.50%! 3.62%! "!
O1s( 45.81%! 44.02%! 8.12%! 28.60%! 15.26%!




First! assessment! of! the! collected! data! shows! some! interesting! results.! ! For! instance,!
























are! some!promising! results! (including! the! formation!of! a!polymeric! film!at! the!end!of!
this! process).! However,! with! the! higher! nitrogen! atomic! percentages! found! in! XPS!
alongside! missing! Grubbs! ruthenium! after! addition! of! the! Grubbs! first! generation!
initiator,!there!exists!a!need!to!investigate!further.!!!
The! first! problem!with! higher! nitrogen! yield! found! in! the! CTI"g"APTES"PEO"NB!
sample,!or!the!sample!after!the!amide!bond!formation,!require!a!combination!of!SEM!
and!XPS!results!to!help!explain!this!observation.!!From!the!SEM!(i.e.!Figure!4"10"C),!the!






Figure( 4.11:( Reaction( scheme( for( amide( bond( formation( from( a( Carbodiimide.Mediated( Reaction(










initiator! to! be! mostly! adsorbed! into! the! porous! structure! (instead! of! activating! the!
surface).! ! In! this! method,! the! exposure! to! norbornene! (NB)! results! in! instant!
polymerization,! but! not! directly! linked! to! any! surface.! ! Looking! into! literature,! this!
method! of! metathesis! polymerization! is! not! si"ROMP,! but! closely! related! to! what! is!
known! as! contact! metathesis! polymerization,! or! CMP,! as! presented! by! Caster! and!









arise,! TGA! was! used! to! calculate! the! final! grafting! density! of! the! macromonomer! to!
determine!the!total!number!of! initiator!sites!available.! !TGA! is!also!used!to!determine!
the!final!degree!of!polymerization!through!the!polymeric!mass!loss.!!Finally,!SEM!is!used!








The! Evonik! particles! subjected! to! various! stages! of! functionalization,! ranging!
from! APTES! attachment,! further! reaction! with! NB"PEO"COOH,! activation! with! the!












Al2p( 2.27%! 0.72%! 0.61%! 0.37%! !"!
Si2p( "! 6.13%! 4.89%! 4.42%! 5.35%!
P2p( !"! !"! !"! 0.31%! !"!
Cl2p( !"! !"! !"! 0.24%! 0.15%!
Ru3d5( !"! !"! !"! 0.06%! !"!
C1s( 21.39%! 29.98%! 40.16%! 50.48%! 82.34%!
Ca2p( !"! !"! !"! !"! 0.18%!
N1s( 1.04%! 4.29%! 6.46%! 4.52%! 0.19%!
Ti2p( 21.64%! 14.51%! 10.43%! 8.94%! 0.10%!
O1s( 53.40%! 44.17%! 37.45%! 31.01%! 11.54%!





existed!with! the! CTI! porous! tubes! are! not! present! here.! ! The! slightly! higher! nitrogen!
atomic!percentage!after!the!amide!bond!formation!(for!the!sample!“Evonik!particles!–!
APTES"PEO"NB”)! indicates! that! washing! has! removed! most! of! the! urea"derivative!











From! Chapter! 2,! the! observed! grafting! density! of! APTES! was! approximately! 8!
APTES/nm2.!!While!a!fairly!good!value,!this!was!not!the!final!group!that!would!yield!our!
initiator;!instead,!the!si"ROMP!route!requires!a!strained!olefin!(such!as!our!norbornenyl!




Figure( 4.12:( TGA( graph( for( the( degradation( of( Evonik( particles( (TiO2),( Evonik( particles( functionalized(
with( APTES( (TiO2.g.APTES),( and( Evonik( particles( functionalized( with( both( APTES( and( NB.PEO.COOH(
(TiO2.g.APTES.PEO.NB)(





2. Using! the! previously! calculated! mass! loss! from! the! TiO2"g"APTES!
molecule,!we!can!determine!the!mass!loss!from!the!macromonomer!(or!
! "!158!"!







As! a! result,! we! can! take! the! same! values! found! from! Table! 2"14! in! Chapter! 2! in!
combination! with! these! assumptions! to! update! calculations! on! the! number! of!
norbornenyl! groups!attached! to! the! surface.! ! To!accomplish! this,!we! can!perform! the!
following!calculations:!
1) Determining(the(total(number(NB.PEO.COOH(
















(!"#$%&'(! "#$%&'!"!!"#!!""#= ! !"#$%! "#$%&#$'!"!!"#!!""#(!"#$%&'!!푟!"!!"#!!!"#! !!! "#$%&!!"!!"#!!!"#$%&'())!!10!"!!
where:!
• !"#$%&'!!푟!"!!"#!!!"#! !is!in!units!“cm2”!(is!3.14x10"10!cm2)!

















Thus! an!estimated!grafting!density!of! the!NB"PEO"COOH!on! the! surface! is! about!2.73!





Norbornene( (NB).( ( The( subsequent( film( formed( was( subjected( to( a( different( thermo.degradation(
program,(with(oxygen(introduction(at(600˚C(instead(of(400˚C(for(all(other(TGA(graphs.(
Again,! to! take! the! mass! loss! data! and! transform! it! into! useful! information,! more!
assumptions!had!to!be!made.!!These!assumptions!included:(
! "!160!"!












!"#$%!!"#$%&'!!"#$ = 3.14!10!!" !"##!!"#$%&%&'!"#!!!"#!5.24!10!!" !10!"!
• Where!the!total!surface!area!is!in!units!of!nm2!
2).( Total(Moles(of(Initiators(Calculation:(!"#$%! "#$%!!"!!"!"!#"$%& = !"#$%!!"#$%&'!!"#$!!!2.736.022!10!" !
3).( Moles(of(Monomers:(!"#$%!!"! "#"$%&' = !!"##!!"##!!"!!"#$%&'94.15 !



















The! final! point! of! this! reaction! was! to! visualize! the! surface! of! the! formed!
polynorbornene!film!(as!the!final!product!was!a!film!as!opposed!to!a!dispersion!of!latex!
particles)! that!was! initiated!by! the! functionalized! Evonik! particles.! ! The! resulting! SEM!
images!can!be!seen!in!Figure!4"14.!
!
Figure( 4.14:( SEM( images( for( the( PNB( (Polynorbornene)( film.( ( A)( 500x( magnification,( B)( 2000x(
magnification,( C)( 5000x( magnification,( D)( 5000x( magnification( (other( location).( ( Notice( the( highly(
porous(nature(of(the(polymer(film(formed.(




These! images! show! a! highly! porous! film! surface,! with! some! indication! of! inorganic!









This! knowledge! was! then! transferred! into! developing! a! mechanism! towards! titania"
based! surfaces! (i.e.! CTI! porous! tubes! and! Evonik! particles).! ! By! adapting! si"ROMP!
techniques!and!studying!them!on!these!titania!supports,!evaluation!of!the!effectiveness!
applying! si"ROMP! to!porous! and!particle! systems!were!explored.! !Analysis! techniques!




not! through! the! si"ROMP!method.! ! Instead,! contact!metathesis! polymerization! (CMP)!
was! hypothesized! to! be! the! reason! the! reaction! occurred! (due! to! un"removed!
physisorbed!initiator!within!the!porous!confines!of!the!substrate).!!Moving!onto!Evonik!
particles,! the! grafting! of! the! norbornenyl"moiety! (or! NB"PEO"COOH)! resulted! in! a!
density! of! 2.73!molecules/nm2! (which! is! not! too! far! off! from! the! C3"initiator! grafting!
























While! all! previous! chapters! were! focused! on! the! studies! on! building!
block/components!in!making!a!membrane,!this!chapter!will!serve!to!combine!this!work!
and! discuss! the! experiments! developed! in! forming! our! hybrid! membranes.! ! Being! a!
difficult! task,! there!were!several!methods!of!coating! that!were!explored!and!assessed!
for! film! formation! efficiency.! ! This! was! then! expanded! to! see! if! certain! parameters!
would!improve!the!film!formation,!such!as!subjecting!the!system!to!vacuum!or!through!
the!motion!of! coating.! ! Surface! film! characterization!via! SEM!was! then!performed,! to!
visualize! the! effectiveness! of! the! coating,! and! a! water! droplet! test! could! be! used! to!
quickly! evaluate! certain! hydrophobic! surface! modifications.! Conclusions! were! then!






goal!of!growing!a!polymeric!coating!from!an! inorganic!surface.! !From!this!point,! there!










scenario! presents! a! solution! of! hybrid! particles! in!water,!which! is! slip! coated! directly!
onto! the! surface! of! the! interior! CTI! porous! tubes.! ! This! action! would! leave! a! “cake”!
formation!of! hybrid!particle! films!on! the! surface,!while! the! solvent! (i.e.!water)!would!
permeate!through.!
In!the!case!of!the!“Grafting!From”!method,!the!ideal!case!is!for!the!initiator!site!






Initiator! particles)! or! Norbornenyl! based! particles! (TiO2"g"APTES"PEO"NB).! ! This!





case! was! presented! as! direct! coating! onto! the! surface.! ! Upon! solvent! permeation!
through! the! porous! inorganic! membrane,! the! dried! film! would! form! the! main!




















Figure( 5G3:( "Coating(Onto"( process(with( use( of( parafilm( and( ambient( exterior( conditions.( (Note( that(








seal! required! to! successfully! plug! both! ends! of! the! tube! to! coat.! ! This! new! system!













5.2.2. (“Grafting( From”( –( using( Functionalized( Particle(
–(siGATRP(and(siGROMP(–(general(procedure(
!
With! the! “Grafting!From”!pathway,!we!used! the! initiator! functionalized!Evonik!
particles,!specifically!with!the!si"ATRP!initiators!(to!be!known!as!TiO2"g"C3"Initiator)!and!
si"ROMP! initiators! (to! be! known! as! TiO2"g"APTES"PEO"NB*(or! post"Grubbs! activated!



















initiators/mL).! We! prepared! 20! mL! batches! at! a! time,! and! used! them! as! quickly! as!
possible.! !As! each! ceramic! tube! is! roughly!5! cm! in! length,!both!ends!of! the! tube!was!
sealed! as! illustrated! in! Figure! 5"6,! and! roughly! 3"4! mL! of! this! mixture! was! injected.!!
Vacuum!was!also!used!to!help!facilitate!the!permeation!of!water!across!the!tube,!and!
thus! aid! in! creating! a! thin! coating! onto! its! surface.! A! second! coating!was! performed!
accordingly.!!Finally,!the!CTI!porous!tube!was!gently!rinsed!with!water!upon!removal!of!





Chapter! 3).! This! was! achieved! using! a! glass! neck! that! was! able! to!mix! both! volumes!





The! preparation! of! particles! was! specifically! adapted! in! the! case! of! si"ROMP.!!




involved! the! dispersion! of! the! particles,! or! TiO2"g"APTES"PEO"NB(unactivated),! into!








same! settings! in! order! to! wash! the! particles! (where! this! washing! step! was! repeated!
twice).!!!
After!the!final!wash,!the!activated!particles!of!TiO2"g"APTES"PEO"NB*!were!then!
re"dispersed! for! a! final! time! into! 10! mL! of! ethanol,! and! used/injected! for! coating!
immediately! (note! step! 5! and! step! 7! in! Figure! 5"6).! ! This! injection,! like! the! si"ATRP!
pathway,!was!then!vacuumed!in!a!sealed!tube!to!ensure!all!the!ethanol!was!removed,!
and!re"injection!for!a!second!coating.!!The!CTI!tube!was!then!rinsed!and!subjected!to!a!




was! degassed! using! the! 3"cycle! freeze"pump"thaw!method,! and! kept! under! vacuum.!!
Upon!use,!the!0.3!M!NB!solution!in!DCM!(8!mL)!(previously!mentioned!in!Chapter!4)!was!




























In! this! specific! case,! the! “ferris!wheel”!motion!was! exactly! as! it! sounds! –! in! a!
typical! ferris! wheel! found! in! any! theme! park! or! carnival.! ! Thus,! any! equipment! that!
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could! rotate! in! such! a! manner! was! adapted! towards! suiting! this! coating! need.! ! The!







coating!material! is!normally! the!CTI! ceramic! tube,! these!cylindrical! tubes!can!be! spun!
axially!to!create!a!centripetal!force!outwards.!!With!this!outward!force,!the!ideal!result!
is!a!buildup!of!the!hybrid!material!(either!the!TiO2"g"C3"Initiator,!TiO2"g"APTES"PEO"NB*!
or! the!hybrid! particles! (S.S.))! on! the! surface!of! the! interior! tube,! and!permeating! the!
solvent!through!the!ceramic!pores.! !This!setup!used!a!shear"mixer! in!order!to!achieve!
this!motion.!!An!adaptor!made!with!a!syringe!tube!poked!through!a!septum!created!the!











permeation.!Vacuum!primarily! comes! in! the! form!of! static!or!dynamic! vacuuming.! ! In!
static!vacuum,!one!vacuums!the!glass!tube!once,!and!leaves!the!CTI!ceramic!tube!under!




When!assessing! the!options!available! to!evaluate! the!grown!films!on!these!CTI!
porous! supports,! there! is! immediate! evidence! that! the! structure! is! difficult! to!
characterize.! !Specifically,! the!ceramic! tubes!that!are!used!as!our!support!material! for!
the!growing!polymer!or!coated!hybrid!particles!are!situated!on!an!extremely!hard!and!
curved!material.! !The!curvature!of! the! interior! (when!attempting!to!analyze)!rules!out!
direct! contact! (or! near! contact)! methods! that! need! flat! surfaces! –! leaving! AFM,!
ellipsometry!and!profilometry!techniques!infeasible.!!Therefore,!a!distance!non"contact!
based!imaging!technique!like!SEM!was!better!at!providing!an!image!of!a!curved!surface!
(albeit,! difficult! to! image! the! entire! tube! without! damaging/alterations! from! gold!
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sputtering).!Thus,!this!section!will!focus!on!the!different!coating!techniques!along!with!




As! previously! presented,! the! “Coating! Onto”! process! presented! two! possible!
pathways:! one! with! ambient! conditions! using! parafilm,! the! other! used! Teflon! and!
Septums!to!seal!the!ends!of!the!CTI!ceramic!tubes.! !By!varying!the!conditions!(such!as!
application! of! vacuum!or! a! rotational!motion! during! coating),! the! sample! topography!
changed,! as! illustrated! from! the! combination! of! Table! 5"1! and! Figure! 5"10.! ! Both! of!
these! methods! used! the! same! S.S! solution,! specifically! the! hybrid! particles! with! a!
hydrodynamic!diameter!of!~350!nm!(Chapter!3).!!
From! these! images,! samples! that! used! parafilm! under! ambient! conditions! (no!
vacuum)!resulted!in!poor!coverage.!!Additionally,!the!axial!rotation!left!the!particles!to!







TC(1& TiO2! None! Parafilm!Ends! Vertical!–!2"pass!(flip)!
TC(2& TiO2! None! Parafilm!Ends! Vertical!"!1!pass!
TC(3& TiO2! None! Parafilm!Ends! Axial!"!50!rpm!
TC(4& TiO2! None! Parafilm!ends! Axial!"!100!rpm!
TC(5& TiO2! None! Parafilm!ends! Axial!–!100+!rpm!
TC(6& TiO2! Static! Glassware!+!septum! Vertical!–!1"pass!
TC(7& TiO2! Dynamic& Glassware!+!septum! Vertical!–!2"pass!(flip)!
TC(8& TiO2! Static! Glassware!+!septum! Vertical!–!2"pass!(flip)!
TC(9& ZrO2&&(10(15&nm&pores)& Static! Glassware!+!septum! Ferris!Wheel!(60!rpm)!










S.S.&mixture&with& static& vacuum&and& vertical& 2& pass,& J)& Zirconium&blank& sample,& K)& Zirconium& sample&with& static& vacuum&and& ferris&wheel,& L)& Zirconium&
sample&with&static&vacuum&and&vertical&2&pass.&&
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! Surprisingly,! these! first! results! showed! unexpected! result! with! the! TiO2! based!
substrate!with!respect!to!the!number!of!passes!(i.e.!TC"1!and!TC"2!alongside!TC"6!with!
TC"8).! ! It!does!appear!that!the!1"pass!samples!are!much!better!coated!than!the!2"pass!
samples.! ! We! hypothesize! that! the! second! pass! could! cause! the! hybrid! particles! to!
detach! from! their! original! surface! during! the! flipping! process! (as! the! sample! tubes!
remain!in!a!wet!state).!
! From! these! SEM!observations,!we! conclude! that! the! largest! effect! stems! from!
the!porosity!of!the!samples.! !Compared!to!the!titanium!oxide!based!CTI!ceramic!tubes!
(200! nm! average! pore! size),! the! zirconium! oxide! CTI! ceramic! tubes! yielded! a! much!
smaller!pore! system,! roughly!10"15!nm! in!diameter.! ! These! ZrO2! tubes! show!a!better!
layer!because!of!the!smaller!pore!system!(ex:!film!formed!in!Figure!5"10L),!as!opposed!
to! all! the! other! substrates! prepared! with! TiO2! substrates.! ! In! this! specific! case,!
vacuuming! (static! or! dynamic)! did! not! result! in! an! improved! surface.! ! While! we! do!
acknowledge! that!dynamic!vacuum!resulted! in!better! coverage,!as! shown! in!Figure!5"
10H! (TC"7)!vs.! Figure!5"10B! (TC"1),! smaller! cracks/pores! still!exist!between! the!coated!
layers.! ! Thus,! it! is!mandatory! to! use! substrates!with! significantly! smaller! pores!when!
trying!to!use!the!“Coating!Onto”!method.!
!
5.3.2. %“Grafting% From”% –% using% Functionalized% Particle%
–%si<ATRP%
!
! The!“Grafting!From”!procedure! in! the!case!of!si"ATRP! (or!use!of! the!TiO2"g"C3"
Initiator)!proved!to!be!a!challenging!feat.!!The!planned!experimental!design!is!shown!in!
Table! 5"2,! and! the! results! of! each! scenario! can! be! found! in! Figure! 5"11.! ! This! setup!












Vacuum! Method! Rotation! Concentration!
si(ATRP(T1! TiO2! Static! Vertical!–!2"pass!(flip)! Vertical! 0.27M!
si(ATRP(T2! TiO2! Static! Vertical!–!1"pass! Vertical! 0.27M!
si(ATRP(T3! TiO2! None! Axial!–!1"pass! Vertical! 0.27M!







si(ATRP(T7! TiO2! Static! Vertical!–!2"pass!(flip)! Ferris!Wheel! 0.09M!
















final! film! than! sample! si"ATRP"T5,! which!was! prepared!with! the! ferris! wheel!motion;!
there! was! a! better! film! uniformity! in! si"ATRP"T4! compared! with! the! blotchy,! uneven!
surface!found!in!si"ATRP"T5.!!However,!the!comparison!between!these!two!sample!films!
with! si"ATRP"T1! and! si"ATRP"T2! illustrated! that! the! vertical! method! yielded! the! best"
formed!films!(Figure!5"11B!and!Figure!5"11C).!!!
If!we!consider!the!substrate!effect,!the!use!of!ZrO2!compared!to!TiO2!appeared!
to! produce! a! relatively! flat! film! (i.e.! si"ATRP"T6),! similar! to! si"ATRP"9.! ! However,!




By! combining! all! the! features! observed,! we! have! determined! that! the! best!
format! in!which! this! “Grafting! From”! procedure!with! respect! to! si"ATRP! should! be! as!
followed:!
• Static!vacuum!applied!to!the!coating!of!the!TiO2"g"C3"Initiator!
• Vertical/Flipping!process! is!better! for!the!coating!process! (1"pass!and!2"
pass)!!
• Vertical! polymerization! appeared! to! yield! the! best! final! film! from!
observing!each!film!that!was!imaged!
• Concentration!should!remain!at!0.27!M!!









5.3.3. “Grafting- From”- –- using- Functionalized- Particle-
Coating-–-si<ROMP-
!
This! final! setup! in! the! “Grafting! From”! procedure! looked! at! application! of! the!
TiO2"g"APTES"PEO"NB! samples! for! use! in! si"ROMP! on! the! CTI! ceramic! tubes.! ! While!
similar!variables!were!explored,!as!in!the!previous!section!working!in!si"ATRP,!the!use!of!
a!mixture!of!norbornene!(NB)!and!norbornene"PEG!(NB"PEO"OH,!or!also!shown!as!NB"
PEO)! was! also! introduced! into! the! study! (i.e.! si"ROMP"T3/T5/T8).! ! The! experimental!
parameters! and! SEM! observations! are! reported! in! Table! 5"3! and! Figure! 5"12,!
respectively.!!!
! While! the! results! illustrate! that! the! film! formation! was! less! aesthetically!
appealing! when! compared! to! the! si"ATRP! “Grafting! From”! results,! there! were!
indications!that!film!formation!had!been!achieved!(albeit,!less!uniform!than!the!si"ATRP!
samples).! ! This! “rocky”! nature! is! hypothesized! to! form! due! to! the! activation! of! the!
norbornenyl! group!with! the! Grubbs! first! generation! initiator! in! solution,! which! could!
have!caused!aggregation!and!covalently!linking!various!Evonik!particles!together.!!
In- the-“Grafting-From”-method-via- si<ATRP,-use-of-Vertical- flipping- (2<pass)-with-
static- vacuum- on- the- titanium- oxide- ceramic- tubes- (with- 200- nm- pores)- and-
polymerized- in- 0.27M- PEGMEMA- yielded- the- best- film- formation- on- the- tube-
surface.-
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Vacuum& Rotation& Rotation& NB& NB(PEO& NB/NBPEO&ratio&
si(ROMP(T1& ZrO2! Static!
Ferris!Wheel!
(60rpm)!–!1"pass! Vertical! 0.43M& "! "!
si(ROMP(T2& ZrO2! Static! Vertical!–!2"pass! Vertical! 0.6M& "! "!
si(ROMP(T3& ZrO2! Static! Vertical!–!2"pass! Vertical! 0.6M& 0.3M! 80/20!
si(ROMP(T4& ZrO2! Dynamic! Vertical!–!1"pass! Vertical! 0.3M! "! "!
si(ROMP(T5& ZrO2! Dynamic! Vertical!–!1"pass! Vertical! 0.3M! 0.3M! 80/20!
si(ROMP(T6& TiO2& Dynamic! Vertical!–!1"pass! Ferris!Wheel! 0.3M! "! "!
si(ROMP(T7& TiO2& Dynamic! Vertical!!"!1"pass! Ferris!Wheel! 0.3M! 0.3M! 80/20!
si(ROMP(T8& TiO2& Dynamic! Vertical!–!2"pass! Vertical! 0.3M! "! "!









In! the! first! case,! the! use! of! the! ferris!wheel! rotation! in! si"ROMP"T1! compared! to! the!
vertical!sample!si"ROMP"T2!shows!fairly!similar!topography.!!However,!closer!inspection!
does!indicate!that!the!density!of!coating!appeared!better!with!the!vertical!2!pass!than!
when! using! the! ferris! wheel!motion.! ! Expanding! on! the! vertical! method,! comparison!
between! 1"pass! (si"ROMP"T4)! vs.! 2"pass! (si"ROMP"T9)! clearly! shows! a! superior! film!
formation!with!the!2!pass!coating!procedure.!!Thus!the!vertical/flipping!–!2"pass!process!
should!be!considered.!





! In! the! case!of!using! a!mixture!of! 80/20!NB!with!NB"PEO"OH!or!purely!NB,! the!
samples! using! ZrO2! substrate! tube! (i.e! si"ROMP"T2/T3! and! si"ROMP"T4/T5)! show! very!
similar!film!formation.!!However,!the!final!film!coating!appeared!slightly!denser!with!the!
monomer/macromonomer! mixture,! as! illustrated! in! Figure! 5"12D! and! Figure! 5"12F.!!
Changing!this!substrate!to!TiO2!while!using!a!ferris!wheel!type!motion!for!polymerization!
resulted! in! the! opposite! observation,! as! illustrated! with! the! comparison! between! si"
ROMP"T7!and!si"ROMP"T8.! !The!mixture!of!80/20!NB!with!NB"PEO"OH!did!not!modify!
the!TiO2!surface!(Figure!5"12J),!while!there! is!only!a!slight!modification!of!surface!with!
the! purely! NB! monomer! solution! (Figure! 5"12I).! ! However,! TiO2! tubes! can! be!
polymerized!vertically!(without!any!motion),!as!illustrated!in!Figure!5"12J,!for!sample!si"
ROMP"T8.! ! This! sample! appears! fairly! well! coated! on! the! surface,! with! much! fewer!
cracks!when!compared!to!si"ROMP"T6.!





• Mixed! monomer/macromonomer! solution! appeared! slightly! better!
(80/20!NB/NB"PEO"OH)!




OH.! ! The! films! formed! on! the! surface!were! still! porous,!which!means! that! additional!
coatings! should! be! provided,! or! the! coating! process! being! optimized.! ! This! could! be!
achieved!by!additional!coatings!of!the!TiO2"g"APTES"PEO"NB!solution,!or!by!playing!with!
higher! concentrations!of!monomer/macromonomer.! !Nonetheless,! tubes!made!with!a!





Noting! that!polynorbornene! (pNB)! is! fairly! hydrophobic! in!nature,! the!decision!
was!made!to!attempt!to!visualize!the!surface!modification!with!a!water!droplet!test.!!In!
this! case,! a! drop! of! water! could! help! determine! if! the! surface! were! hydrophilic! or!
hydrophobic,! all!with!how! spherical! or! flat! the!droplet!would! sit! on! the! surface.! ! The!
results!to!this!can!be!seen!in!Figure!5"13.!
From! these! results,! we! see! how! polynorbornene! surfaces! retain! well"defined!
droplets! on! their! surface,! while! samples! with! higher! PEO! content! (i.e.! Figure! 5"13D)!
spread! the! water! droplet,! as! a! result! of! a!more! hydrophilic! surface.! ! This! point! only!






polymerized- in- 0.3- M- NB/NB>PEO- (80/20- mixture)- yielded- an- acceptable- film-
formation- on- the- tube- surface.- (And- suggested- that- this- be- expanded- to- longer-
tubes-for-testing).-
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might! indicate! that! the! surface! tension! of! water! is! too! high! for! the! water! to! diffuse!
through!the!pores.!
!
Figure. 5?13:. Hydrophobic. droplet. test. performed. on. varying. surfaces. performed.with. samples. taken.
from.the."Grafting.From".process.via.si?ROMP...Samples.include.A).zirconium.oxide.blank,.B).zirconium.
oxide.with.coated.TiO2?g?APTES?PEO?NB,.C). zirconium.oxide.with.polymerized.NB. (pNB),.D). zirconium.
oxide. with. polymerized. NB/NB?PEO?OH,. E). titanium. oxide. blank. and. F). titanium. oxide. with.





In! conclusion,! the! study! on! the! different! techniques! to! modify! these! ceramic!
supports,! either! through! the! “Coating!Onto”!method! or! the! “Grafting! From”!method,!
have!been!illustrated!and!performed.!!It!was!found!that!in!the!“Coating!Onto”!method!
with! the! hybrid! particles! (or! S.S.! mixture),! the! coating! procedure! with! the! optimal!
A.water.droplet.test.can.be.performed.as.a.quick.method.to.assess.if.the.surface.
has.changed.in.the.case.of.si?ROMP.with.norbornene.or.norbornene?PEO.(NB/NB?









static! vacuum! on! the! regular! titanium! oxide! ceramic! tubes! resulted! in! good! film!
formation.! ! However,! the! si"ROMP! method! found! that! the! best! conditions! were!
achieved! with! dynamic! vacuuming! on! zirconium! oxide! ceramic! tubes! (i.e.! 10"15! nm!
pores)! before! polymerizing! in! a! monomer/macromonomer! mixture! of! NB/NB"PEO.!!
Additionally,! the! si"ROMP! route! also! had! a!method! to! verify! the! surface!modification!
through! a! water! droplet! test.! ! As! polynorbornene! is! hydrophobic,! the! surface! water!
droplets!would!behave!differently!over!the!course!of!the!modification.!















challenging! step,! which! require! significantly! long! durations! for! testing.! As! previous!
chapters! might! have! alluded,! the! material! development! took! longer! than! initially!
expected.! !This!was!mostly!due!to!unforeseen!issues!with!the!grafting!initiators,!which!
required!a!full!analytical!study!when!the!original!expectation!was!for!an!“off"the"shelf”!





as!membrane! coating! conditions! and!materials! used,! synthesis! of! longer!membranes!
were!made!and! tested! for! their!permeance!and!single!gas!permeation!selectivity! (αi/j)!
were! calculated.! ! In! this! case,! the! first! set! of! results! obtained!will! be! presented! and!




This!experiment!was!first!designed!with!the!results!of!Chapter!5! in!mind.! !As! it!
was! found!that! the!si"ROMP!sample!appeared!a!bit!more!porous! in!nature!than! its!si"
ATRP!counter!part! (in! the!case!of! the!“Grafting!From”!sample),! the!si"ATRP!route!was!
the! first! sample! to!be! translated! into! a! longer,! 20! cm! length! tube! (note! that! TiO2!CTI!
porous! tubes! were! used,! which! had! an! outer"diameter! of! 10.4! mm! and! an! inner"
diameter! of! 6!mm).! ! In! the! case! of! the! “Coating!Onto”! tube,! the!method!of! applying!
static!vacuum!with!a!double!pass! (with!flipping)!on!the!zirconium!oxide!ceramic!tubes!







TiO2CBlank( "! 20!cm! 15!cm!
ZrO2CBlank( "! 20!cm! 15!cm!
TCCACTiO2( static!vacuum!(2!pass)!! 20!cm! 15!cm!







The! samples! were! then! packaged! and! sent! to! the! European! Institute! of! Membranes!















1,000! for! TC"A"TiO2,! and!100! for! TC"B"ZrO2,!which!demonstrates! that! the! coating!was!
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! “Ideal”! selectivity!obtained!by!dividing! the!permeability! (or!permeance)! values!
for! two! gas! aims! to! provide! information! on! the!material! affinity! toward! a! target! gas.!





! We! previously!mentioned! that! the!membranes! for! this! first! series! of! samples!

























we! must! remember! that! these! are! preliminary! results;! achieving! performing!
membranes! for! gas! permeation! is! a! challenge.! As!we! have! validated! our! process! and!





















with! a! mixture! of! NB"PEO"OH! and! NB! (norbornene)! to! form! the! uniform!
polymeric! layer.! ! Note! that! norbornene! is! used! for! easier! propagation! of! the!
reaction.!
!
4).! As! scaling! up! has! been! shown! to! be! tricky,! increasing! the! number! of! coating!
layers! may! allow! the! increase! of! material! built! up! on! the! surface! however,!




membrane! uniformity,! as! was! previously! highlighted! from!work! referenced! in!
Chapter!4.!
!







with! the! application! of! our! newly! developed! coating! techniques! towards! gas!
separation.! !While! the!data! indicated! the! failure!of! our! preliminary! tests,!we!believe!
that!our!general!process!has!been!validated!overall.!The!preparation!of!membranes!for!
gas!permeation!is!always!challenging!work,!especially!if!one!wants!to!initiate!a!method!
based! on! commercial! supports! produced! at! the! industrial! scale.! Our! tests! show! that!
there! exists! room! for! improvement! because! the! membrane! material! shows! great!
promise,! providing! a! different! approach! to!membrane! synthesis.! ! The! recommended!






The" studies" this" thesis" presented" illustrated" the" work" that" went" towards" the"
formation"of"a"membrane"with"the"ultimate"goal"towards"gas"separation.""Each"chapter"
had" put" forth" work" that" studied" the" components" that" would" eventually" be" applied"
towards"formation"of"a"tubular"membrane.""We"saw"how"the"initial"literature"search"on"
membrane"materials"provided"the"knowledge"and"direction"for"this"project;"specifically,"
that" hybrid" structures" were" the" ideal" membrane" material." " In" this" case," the" use" of"
inorganic"titania"was"the"inorganic"component"of"choice.""However,"integration"of"the"









the" case" of" hybrid" particle" formation," the" grafting" density" of" the" C3!initiator" (2.5"
initiators/nm2)" resulted" in" an" estimated" degree" of" polymerization" of" 1200" units" of"
PEGMEMA"with"a"size"roughly"350"nm"in"diameter."
Similarly"in"the"silane!based"pathway"with"APTES,"the"amine"group"was"reacted"
with" a" terminal" carboxylic" acid" group" linked" to" a" norbornenyl" polyethylene" oxide"
macromonomer"to"form"titania"particles"with"exposed"norbornenyl"groups.""The"latter"
particles" are" then" able," after" exposure" to" the" Grubbs" first" generation" initiator," to"
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promote" surface!initiated" ring!opening" metathesis" polymerization" (si!ROMP)" of"
norbornene"and"norbornene/norbornene!PEG"structures.""Studies"that"were"performed"
help" determine" that" the" hybrid" particles" had" a" grafting" density" of" 2.7" norbornenyl"
groups/nm2"with"a"degree"of"polymerization"of"12500"units"of"polynorbornene"hybrid"
particles.!
However," all" of" these" studies" provided" the" foundation" work" towards" the"
synthesis" of" the"membrane" themselves." " The" formation" of" these" hybrid"membranes"
resulted"in"two"pathways"for"membrane"formation"–"the"“Grafting"From”"method,"and"
the" “Coating"Onto”"method." "Our" application" of" the" “Grafting" From”" procedure"with"




method" of" application" of" the" hybrid" particles" directly" onto" a" tubular" support," which"
resulted"in"our"“Coating"Onto”"method.""
These" results" eventually" led" to" testing" to" find" their" gas" separation"properties,"
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! NMR! (or! Nuclear! Magnetic! Resonance)! was! used! for! the! analysis! of! several!
products!(solid!titania!surfaces!and!macromonomer!or!initiator!evaluation).!
A.1.1.1. 1H(NMR((Liquid)(!
! ! The! structure! of! the! initiator! molecules! before! reaction! was! checked! with! 1H!
NMR! (Bruker! AVANCE,! 400MHz)! and! compared! to! the! reference! spectra! provided! by!
Specific!Polymers.!!In!each!case,!about!10!mg!of!the!compound!was!mixed!with!450!µL!
of!CDCL3!(or!deuterated!chloroform)!to!be!measured.!!When!measuring!the!C3"Initiator!

















! The! DLS! was! performed! using! a! Vasco! Particle! Size! Analyzer! from! Cordouan!
Technologies! (France).! ! The! system!was!able! to!determine! the! subsequent! size!of! the!
Evonik!particles!by!extracting!the!hydrodynamic!diameter!calculated!from!the!measured!
diffusion! coefficient.! Each! timed! measurement! sample! was! taken! from! the! reacting!
medium! during! the! polymerization.! A! 0.2! mL! volume! of! the! reacting! nanoparticle!
suspension!with!the!growing!polymer!was!taken!at!varying!times!and!diluted/dispersed!




! ! XPS! (ThermoFisher! Scientific! K"ALPHA)! was! used! for! surface! analysis! with! a!
monochromatized!AlKα!source!(hν!=!1486.6!eV)!and!a!200!micron!spot!size.!A!pressure!
of!10"7!Pa!was!maintained!in!the!chamber!during!analysis.!The!full!spectra!(0"1350!eV)!
were! obtained! with! constant! pass! energy! of! 200eV! and! high"resolution! spectra! at! a!
constant! pass! energy! of! 40! eV.! Charge! neutralization! was! required! for! all! insulating!
powders! pressed! onto! indium! foil.! High"resolution! spectra! were! quantified! using! the!
Scofield!library!loaded!in!the!AVANTAGE!software!provided!by!ThermoFisher!Scientific.!
A.1.5. TGA(!






































Figure(AE3:( 1H(NMR(spectra( for(C3EInitiator(made(A)(after( receiving(product(and(B)(after(3(months(of(
















TC@1( TiO2! None! Parafilm!Ends! Vertical!"!2!pass!(flip)!
TC@2( TiO2! None! Parafilm!Ends! Vertical!"!1!pass!
TC@3( TiO2! None! Parafilm!Ends! Axial!"!50!rpm!
TC@4( TiO2! None! Parafilm!ends! Axial!"!100!rpm!
TC@5( TiO2! None! Parafilm!ends! Axial!"!100!rpm!
TC@6( TiO2! Static! Glassware!+!septum! Vertical!"!1!pass!
TC@7( TiO2! Dynamic! Glassware!+!septum! Vertical!"!2!pass!(flip)!
TC@8( TiO2! Static! Glassware!+!septum! Vertical!"!2!pass!(flip)!
TC@9( ZrO2! Static! Glassware!+!septum! Ferris!Wheel!(60!rpm)!













si@ATRP@TI@3( TiO2! None( Axial!"!1!pass! Vertical! 0.27M!


































Vertical! 0.43M( "! "!
si@ROMP@T2( ZrO2! Static!
Vertical!"!2!
pass! Vertical! 0.6M( "! "!
si@ROMP@T3( ZrO2! Static!
Vertical!"!2!
pass! Vertical! 0.6M( 0.3M! 80/20!
si@ROMP@T4( ZrO2! Dynamic!
vertical/horiz
ontal!"!1!pass! Vertical! 0.3M! "! "!
si@ROMP@T5( ZrO2! Dynamic!
vertical/horiz










Wheel! 0.3M! 0.3M! 80/20!
si@ROMP@T8( TiO2( Dynamic!
Vertical!"!2!
pass! Vertical! 0.3M! "! "!
si@ROMP@T9( ZrO2! Dynamic!
Vertical!"!2!
pass! Vertical! 0.3M! "! "!!!! !!!! (
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B.2. “Coating(Onto”(Method(–(Hybrid(Particles(!
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B.3. “Grafting(From”(–(si@ATRP(series(
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B.4. “Grafting(From”(–(si@ROMP(series(
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